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SUMMARY 


HMX  decomposition  studies  performed  under  this  contract  have  focused  on  the 
covalent  bond- breaking  processes  occurring  in  the  later  stages  of  HMX  decom¬ 
position  in  the  liquid  and  gas  phases.  Emphasis  was  placed  cn  a  quantitative 
determination  of  gas-phase  species  from  HMX  decomposition  using  iBotopically 
labeled  (N1^)  and  unlaboled  materials  at  high  heating  rates  (850  C  per 
second)  under  a  helium  atmosphere  Changes  in  the  gas-phase  product  distri¬ 
butions  from  HMX  decompostion  in  a  low  (  300  C)  and  high  (~800  C)  temper¬ 
ature  region  led  to  an  understanding  of  the  changing  and  competitive  covalent 
bond-breaking  processes  occurring  as  the  decomposition  temperature  increased. 
In  addition,  the  detailed  study  of  the  interactive  chemistry  between  ener¬ 
getic  additives  with  HMX  and  correlation  with  propellent  burn  rate  data  has 
resulted  in  a  better  understanding  of  those  processes  that  lead  to  an 
increased  burn  rate. 

The  thermal  decomposition  of  HMX  in  the  low-temperature  region  just  above  its 
liquefaction  region  (-300  C)  proceeds  primarily  by  C-N  bond  breaking,  which 
results  in  high  N^O  and  CH^O  yields.  In  the  high-temperature  region 

(-800  C) ,  N~N  bond  scission  is  faster  than  C-N  bond  breaking,  and  NO  is 
formed  in  high  yields.  Gas-phase  reduction  of  NO  by  NH^  intermediates 
appears  to  play  a  key  role  in  modifying  HMX  combustion.  Tracer  studies  per¬ 
formed  with  ring  N15  labeled  material  have  shown  that  the  NO  is  reduced  to 
N^  and  H^0  by  NH^  generated  from  the  decomposition  of  blstr iamino- 

guanidinium  azobitetrazole  (TAGZT) . 

Compounds  that  are  high  in  NH^  or  TAG  content  do  not  yield  high  concentre 
tions  of  NH3  decomposition  products  unless  they  are  oxygen  free.  Also, 
compounds  that  appear  to  explode  upon  decomposition  (such  as  DAZT)  are  not 
effective  NH^  generators  despite  their  high  initial  NH^  content. 

Propellants  containing  TAGZT  and  the  energetic  plasticizer  TMETN  (-ONO^) 
yielded  the  same  relative  increase  in  burning  rate  (-150%)  as  those  that 

included  the  inert  (triacetin)  plasticizer.  These  results  indicate  that  the 
NH3  decomposition  products  are  interacting  primarily  with  the  HMX  products 

rather  than  the  binder  components. 
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Additional  NH3  generators  were  studied  via  high-temperature  pyrolysis  and 
burning  rate  experiments.  The  concentration  of  the  NH^  generated,  the 
temperature  of  generation,  and  the  physical  process  of  generation  were  found 
to  be  the  key  factors  in  the  overall  effectiveness  in  accelerating  the 
burning  rate. 

A  critical  parameter,  the  relative  particle  size  of  the  nitramine  to  the 
NH3  generating  compound,  was  defined,  which  is  rolated  to  the  diffusional 
flame  characteristics.  The  efficiency  of  the  NH^  +  NO  reaction  optimizes 
over  a  narrow  temperature  region  (-1100  -»  1300  K)  and  the  reaction  is 
very  sensitive  to  the  concentration  of  a  variety  of  active  species. 

Substitution  and  coprecipitation  of  azide  nitramines  (such  as  DATH)  defi¬ 
nitely  accelerate  the  burning  rate,  but  it  appears  to  be  via  an  "additive" 
mechanism  rather  than  an  interaction  process. 

The  energetic  compound  triaminoguanidinium-5-aminotetrazole  (TAG*5AT)  was 
observed  to  generate  high  yields  of  NH3  on  decomposition  at  800  C.  How¬ 
ever,  this  compound  was  shown  to  burn  at  ambient  pressure  with  liquefaction 
and  an  overall  cooling  effect,  which  is  probably  due  to  the  excess  NH 

3 

generated .  Pyrolysis  decomposition  studies  of  HMX  in  the  presence  of 
TAG* 5 AT  at  800  C  indicated  a  reduced  degree  of  NO  reduction  by  NH^  inter¬ 
mediates  as  compared  to  TAGZT.  In  addition,  an  increase  in  N20  yield  from 
HMX-TAG*5AT  decomposition  is  indicative  of  a  contributing  "cooling"  affect 
f r°m  TAG*5AT .  As  expected,  smaller  changes  in  HMX-TAG*5AT  propellant 
burn  rate  were  encountered. 

From  pyrolysis  decomposition  studies,  it  has  been  shown  that  the  well-known 
energetic  compound  triaminoguanidine  nitrate  (TAGN)  undergoes  exothermic  NO 
reduction  to  by  NH^  intermediates  generated  from  TAGN  itself.  Thus, 
the  reported  increase  in  HMX  burn  rate  by  the  addition  of  TAGN  is  due  pri 
marily  to  an  "additive"  effect.  A  secondary  process  of  NO  reduction  in  the 
TAGN  system  is  controlled  by  diffusional  flame  phenomena,  which  is  coupled 
via  particle-size  ratios. 
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Pyrolysis  decomposition  studies  performed  on  98  weight  percent  HMX  admixed 
with  2  weight  percent  LlN^  or  NaM^  at  800  C  showed  a  dramatic  change  in 
the  HMX  decomposition  mechanism.  Although  both  LiN^  and  NaN^  appear  to 
display  a  catalytic  effect  in  altering  the  HMX  decomposition  mechanism,  sig¬ 
nificant  changes  in  HMX  propellant  burn  rates  were  not  encountered.  Intimate 
contact  is  believed  to  be  lost  between  the  active  catalyst  intermediates 
LiN3  or  NaN^  in  propellant  mixes. 

The  thermal  decomposition  of  RDX  proceeds  in  an  identical  fashion  as  HMX  at 
-800  C  with  N-NO,,  bond  scission  being  faster  than  C-N  bond  scission, 
which  results  in  high  NO  yields.  However,  in  the  temperature  region  just 
above  the  liquefaction  of  RDX  (~220  C)  ,  gas  phase  product  distributions 
from  RDX  indicate  a  faster  rate  of  RDX  liquefaction  to  gasification.  RDX 
undergoes  90%  pyrolysis  (with  conparable  C-N  and  N-NO^  bond  scission)  just 
above  the  liquefaction  region  versus  only  70%  pyrolysis  for  HMX  (with 
predominant  C-N  bond  scission). 

The  Werner-diammoniumdiazido  complex  [Cu^H^i^N^),,] ,  which  generates 
significant  NH^  on  decomposition,  was  shown  to  significantly  alter  the 
decomposition  mechanism  of  RDX  at  the  5  weight  percent  level,  but  had  little 
influence  on  the  HMX  decomposition  mechanism.  [CufNH^i^iN^)^]  under¬ 
goes  violent  decomposition  at  210  C,  which  is  much  closer  to  the  RDX  decom¬ 
position  temperature  of  201  C,  allowing  for  a  greater  thermal  and/or  chemical 
interaction  than  that  of  HMX  undergoing  decomposition  at  280  C. 

Synthesis  of  the  novel  HMX  derivative  l-azidomethyl-3 , 5 , 7-tr ini tro-1 , 3 , 5 , 7- 
tetrazacyclooctane  (A2MTTC)  is  reported.  Pyrolysis  decomposition  studies 
conducted  on  AZMTTC  showed  that  its  decomposition  mechanism  is  significantly 
different  from  that  of  HMX.  Carbon-nitrogen  bond  scission  predominates 
during  the  decomposition  of  AZMTTC  from  ~300  to  -800  C,  which  results  in 
high  N^d  and  CH.,0  yields.  This  mode  of  decomposition  is  not  conducive  to 
increasing  burn  rates  as  a  result  of  reduced  bond  scission  and  the  nature  of 
the  gas-phase  components  generated.  It  is  believed  that  structural  symmetry 
ot  the  HMX  derivative  must  be  maintained  to  arrive  at  comparable  rates  of  C-N 
and  N-NO^  bond  scission  along  with  gas-phase  components,  which  will 
generate  increased  exothermic  gas-phase  reactions. 
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The  unsuccessful  attempts  at  the  synthesis  of  a  structurally  symmetrical  HMX 
derivative  from  the  recently  reported  HMX  precursor  l'/;DN  are  reported.  In 
addition,  attempts  to  synthesize  other  unsymmetrical  HMX  derivatives  via 

nov->l  synthetic  procedures  used  in  the  synthesis  of  AZMTTC  are  described. 

The  burning  rate  acceleration  of  KMX-baaed  propellants  was  achieved  most 
readily  with  amidogen  radical  gonerators,  especially  TgGZT.  The  magnitude  of 
augmentation  of  the  HMX  propellants  is  virtually  the  same  regardless  of  the 
type  of  plasticizer  employed,  except  for  the  NF  type  (TVOPA) .  This  suggests 
a  higher  rate  of  interaction  between  the  NH?  and  NF?  radicals  in  a 

"pseudocatalyt ic”  manner. 

The  burning  rate  acceleration  of  RDX-based  propellants  followed  similar 
trends  to  the  HMX  systems  except  at  low  pressures  (<3.45  MPa).  In  the 
low-pressure  region,  the  RDX  systems  burned  20  to  80%  faster  than  the  HMX 
analog.  This  is  attributed  to  the  fact  that  the  NH  radical  generating  ingre¬ 
dients  decompose  at  a  temperature  closer  to  the  decomposition  point  of  RDX 
rather  than  HMX,  thereby  promoting  a  higher  level  of  interaction.  As  the 
pressure  is  increased,  the  dir'fusional  flame  is  compressed  and  similar 
acceleration  would  be  expected. 

The  "mismatching"  of  the  nitramine  (KMX  and  RDX)  and  amidogen  generator 
particle  sizes  appears  to  be  the  most  important  factor  in  accelerating  the 

rate.  Utilization  of  small  additive  particle  sizes  with  large  nitramine 

particles  results  in  better  diffusional  mixing  of  the  reactive  gases. 
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SECTION  1 


OBJECTIVE 

The  objective  of  this  research  program  was  to  increase  the  burning  rate  of 

cyclic  nitramines  (HMX  and  KDX)  via  (1)  chemical  doping,  (2)  structural  modi¬ 
fication,  and  (3)  the  addition  of  modifiers  that  generated  reactive  inter¬ 

mediates.  Primary  emphasis  was  placed  on  the  Incorporation  of  arido  (-N3> 
moieties  and  addition  of  ingredients  for  amldogen  (-NH^)  radical  goner. 

tion.  Pyrolysis  studies  were  conducted  at  rapid  heating  rates  with  and 

15 

without  isotopically  (N  )  labeled  materialr  as  the  primary  screening  tool 
for  measuring  the  effectiveness  of  theso  approaches  and  guiding  the 
formulation  of  experimental  propellants. 


SECTION  2 


INTRODUCTION 


The  utilization  of  KMX  and  RDX  in  solid  and  gun  propellant  applications  is 
increasing  rapidly.  In  the  solid  propellant  arena,  the  desire  for  reduced 
smoke  (signature)  has  eliminated  ammonium  perchlorate  (AP)  from  consideration 
in  j  wide  i/atiety  -f  application*  Por  gun  >ropellai.ts ,  the  desire  £oz 
increased  mass  im >etus  at  reduced  flame  temperatures  has  resulted  in  the 
blending  of  h <X  and  RDX  with  selected  high-hydrogen  content  oxidizers  such  as 
triominoguanidine  nitrate  (TAGN)  in  extruded  nitrocellulose  bander  systems. 

However,  both  KMX  and  RDX  have  low  burning  rates  at  low  pressures  C<14 
MPa).  This  is  coupled  with  high  exponent  problems,  especially  In  the  gun 
propellant  area,  for  pressures  up  to  425  MPa.  The  gun  propellant  problem  can 
be  alleviated  to  a  great  degree  by  proper  selection  of  alternate  secondary 
oxidizers,  grinding  of  the  nitramine  to  small  particle  size  OSy),  and 
through  judicious  grain  design.  This  freedom  is  not  totally  available  to  the 
solid  propellant  designer  since  his  systems  require  excellent  physical  pro¬ 
perties  and  must  be  cast  instead  of  solvent  extruded.  It  is  imperative  that 
methods  for  accelerating  the  burning  rate  of  HMX  and  RDX  and  controlling  the 
exponent  be  developed  to  ensure  the  solid  propellant  grain  designer  adequate 
freedom  in  meeting  advanced  applications  while  maintaining  the  energy  level 
of  the  system. 

The  aforementioned  objectives  of  this  research  program  were  deemed  to  be  a 
unique  approach  to  delineating  the  problems  faced  by  the  propellant  community. 
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SECTION  3 


DECOMPOSITION  EXPERIMENTS 

HMX  DECOMPOSITION  MECHANISMS  -  AN  OVERVIEW 

There  is  voluminous  literature  on  studies  of  the  thermal  decomposition  of  HMX 
with  evidence  to  support  the  cleavage  of  every  covalent  bond  including  the 
C-N  bond,  the  N  NO^  bond,  tne  N-0  bond,  and  the  C-H  bond,  with  conclusions 
suggesting  each  of  these  as  a  likely  initial  and/or  rate-controlling  intra¬ 
molecular  process.  Recently,  evidence  has  been  given  to  support  the  conclu¬ 
sions  that  the  electrostatic  intermolecular  attractions  between  structurally 
intact  HMX  molecules  is  the  initial  rate-controlling  process  and  predom¬ 
inantly  controls  the  rate  of  solid  and  liquid  HMX  decomposition  (Ref.  1) . 
This  novel  conclusion  contrasts  with  all  previous  interpretations  of 
condensed-phase  HMX  decomposition  kinetics,  which  assumed  that  Intramolecular 
covalent  bond  breaking  within  the  HMX  molecule  controls  the  decomposition 
kinetics.  However,  these  investigators  also  concluded  that  the  covalent 
bond-breaking  processes  described  by  others  were  occurring  likely  in  the  same 
time  frame  as  the  breakdown  of  intermolecular  electrostatic  forces,  but  they 
were  not  necessarily  rate  determining. 

Other  recent  studies,  using  deutorium  isotope  effects  with  HMX,  have  shown 
C— II  covalent  bond  cleavage  to  be  a  rate-controlling  intramolecular  process  in 
the  solid  phase,  but  C-H  bond  contraction  occurring  in  a  mixed  solid-liquid 
phase  (Ref.  2). 

The  presence  of  NO,,  radical  species  in  solid-phase  HMX  has  been  demon¬ 
strated  recently  by  mechanical  methods  or  irradiation  and  contributes  to  the 
list  of  potentially  reactive  species  in  the  early  stages  of  HMX  decomposition 
(Ref.  3). 

Many  HMX  decomposition  mechanisms  have  been  inferred  from  gas-phase  species 
that  could  have  originated  in  a  combination  of  solid,  liquid,  and  gas  phases 
of  HMX  decomposition  with  the  falsa  assumption  that  the  analysis  is  conducted 
in  one  phase.  The  simultaneous  occurrence  ol  these  various  intermolecular 
and  intramolecular  processes  in  the  solid,  liquid,  and  gas  phase  within  a 
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2. 


relatively  short  time  frame  enables  one  to  appreciate  the  unique  and  vastly 
complex  nature  of  HMX  d  ■'compos i tion  (an  overall  decempcaition  schematic  is 
given  in  Table  1).  In  addition,  an  understanding  of  thera  processes  allows 
one  to  realize  the  experimental  difficulty  in  obtaining  a  homogeneous  or 
reproducible  HMX  sample  during  thermal  decomposition  studies.  Thus,  the 
chemistry  associated  with  HMX  decomposition  is  occurring  in  e  Heterogeneous 
system  and  care  must  be  taken  to  adequately  describe  experimental  procedures 
and  sampling  techniques.  Furthermore,  conclusions  thet  isolate  one  molecular 
process  as  controlling  the  multistep  complex  HUE  decomposition  mechanism  that 
involves  a  number  of  molecular  processes  occurring  almost  simultaneously  must 
be  avoided. 

EXPERIMENTAL  DETAILS 

Product  distributions  from  the  thermal  decomposition  of  unlabeled,  ring  N15 
labeled  and  total  N1  5  labeled  KMX,  and  candidate  additives  for  modifying 
the  decomposition  chaiacteri sties  of  iflHX  were  investigated  using  a  Chemical 
Data  Systems  Series  100  pyrolysis  unit  interfaced  with  a  Hewlett-Packard 
5840A  gas  chromatograph  and  Inficon  1Q200  quadrupole  mass  spectrometer 
(Fig.  1).  Samples  (0.5  to  1.5  milligrams)  of  these  materials  were  weighed 
accurately  within  a  thin-walled  quartz  tube,  which  was  placed  within  a 
platinum  coil  pyrolysis  probe  and  inserted  into  a  heated  gar  chromo- 
tographic  interface  under  2  atm  holium  back  pressure.  The  camples  were  pyre- 
lyzed  at  a  maximum  heating  rate  of  approximately  850  C  per  second  and  held 
for  10  seconds  at  temperature  in  all  experiments.  Upon  pyrolysis,  the  gaseous 
products  (H  ,  N  ,  NO,  Co,  N  H  ,  CH  ,  HO,  NH  ,  CO  ,  NO,  CH  0,  HCN,  and  CH  = 

c.  J-  cH  M4  J  il  c 

CH^)  were  separated  in  the  order  given  on  a  6-foot  by  0.125-inch  stainless- 
steel  column  packed  with  Carbosieve  S,  120-140  mesh  (Supelco  Inc.).  Other 
pertinent  gas  chromatographic  operating  procedures  are  given  in  Table  2.  The 
experimental  setup  also  allowed  for  injection  of  the  separated  gaseous 
species  into  the  mass  spectrometer  for  a  determination  of  the  mass  fragmenta¬ 
tion  patterns  of  the  labeled  and  unleUelec.  gas-phase  species.  Quantitative 
calibrations  were  performed  on  control  samples  of  all  gases,  and  their  iden¬ 
tification  was  confirmed  by  introduction  or  r.he  gares  into  the  mess  spectro¬ 
meter.  All  tabulated  data  are  the  result  if  replicate  experiments  conducted 
under  identical  experimental  conditions. 
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I.  CHEMICAL  DATA  SYSTEMS  SERIES  100  PYROLYSIS  UNIT  WITH  EXTENDED  PROGRAM 

I  I.  HEWLETT  PACKARD  MODEL  SB40A  GAS  CHROMATOGRAPH  WITH  THERMAL  CONDUCTIVITY  DETECTOR 
II.  INF  ICON  IQ?00  yiJADRUPOLE  MASS  SPECTROMETER 

IV.  I  Nr  I  CON  IMC-Z  MEMORY  COPIER 

Figure  1.  Experimental  Apparatus  for  Pyrolysis  Studies 


TABLE  2.  GAS  CHROMATOGRAPHIC  OPERATING  CONDITIONS  FOR 
SEPARATION  OF  GAS-PHASR  DECOMPOSITION  PRODUCTS 


COLUMN 

6-FOOT  BY  0.125-INCH  STAINLESS-STEEL  PACKED  WITH 
CARBOSIEVE  S,  120-MESH  (SUPELCO  INC.) 

PYROLYSIS  INTERFACE 
TEMPERATURE 

140  C 

TEMPERATURE  PROGRAM 

ISOTHERMAL  35  C  FOR  4  MINUTES;  THEN  20  C  2ER 
MINUTES  TO  175  C  FOR  20  MINUTES 

THERMAL  CONDUCTIVITY 
DETECTOR  TEMPERATURE 

260  C 

ATTENUATION 

6 

HELIUM  FLOW 

50  'MILLILITERS  PER  MINUTE 

Vacuum  pyrolysis  experiments  were  carried  out  on  unlabeled  and  N15  labeled 
(ring  and  total  nitrogen)  HK1.  The  samples  were  pyrolyzed  under  0.03  non 
vacuum  and  the  decomposition  products  injected  directly  into  the  mass  spec¬ 
trometer  through  a  molecular  leak  into  the  ionizing  chamber  with  all  surfaces 
preheated  to  140  C.  Hues  fragmentation  patterns  and  relative  intensities  for 
all  a/e  value#  were  raeerded  then.  In  the  quadrupole  mess  spectrometer,  the 
pyrolysis  products  are  boafearded  by  a  current  of  70  eV  electrons  giving  rise 
to  positively  charged  lone.  A  spectrum  is  produced  by  sweeping  the  quedrupole 
filter  over  the  desired  m/a  range  (0  to  200). 

m  uin  i15 

15 

Samples  of  ring  H  labeled  HKX  were  pyrolyzed  just  above  its  melt  region 
(-300  C)  under  2  atm  of  helium-  Under  theae  conditions,  the  predominant 
gescoue  product  formed  in  the  early  stages  of  MMX  decomposition  was  nitrous 
oxide  (M^O)  in  an  amount  equivalent  to  31  mole  percent  (m/o)  of  the  total 
tflH  nitrogen-  The  Identity  end  amounts  of  the  other  pyrolysis  gases  formed 
ere  smsmarised  in  Table  3.  These  conditions  resulted  in  the  pyrolysis  of 
approximately  70  w/o  of  the  saaqplee. 

Hass  spectrosmtric  analyses  of  the  separated  product  gases  provided  informa¬ 
tion  relative  to  the  isotopic  labeling  of  the  nitrogen-containing  products 
(Table  4).  These  results  clearly  demonstrated  the  two  principal  nitrogen 
specie#,  M^O  aad  N^,  to  he  predominantly  M15N140  and  N15N14.  Thus,  formation 
of  MgO  end  does  not  involve  N-NO^  bond  cleavage  under  these 

conditions. 

14 

The  third  nitrogen-containing  gaseous  product,  NO,  was  princ  ipslly  N  o, 
which  suggests  thet  it  was  derived  primarily  from  tha  -N0?  group.  Hydrogen 
cyanide,  NON,  was  not  formed  under  these  conditions,  which  implies  s  rate- 
controlling  process  (lef.  4). 
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TABLE  3.  GASEOUS  PRODUCT  DISTRIBUTION  FROM 
PYROLYSIS  OP  HMX  (RING  N15  LABELED) 
(-300  C,  10  SECONDS,  2  ATM  HELIUM*) 


I’lumm.  i 

W!  iron  PI  MINI 
YILLt) 

MOII  I'l  MINI 
YIELD  1  ROM  N 

MOII  PI  MINI 
YIELD  1  ROM  C 

«;> 

10 

26 

NO 

IS 

111 

N.,0 

31 

SI 

NIC 

1 

2 

HCN 

0 

n 

0 

CO 

5 

13 

CO., 

1 1 

19 

CII.,0 

;  i 

26 

CH, 

i 

5 

H. . 

0 

11^0 

9 

94 

97 

65 

‘SAMPLE  WAS  70%  PYROLYZED. 

TABLE  4.  LABELED  GASEOUS  PRODUCT  DISTRIBUTION  FOR  HMX 
(RING  N15)  PYROLYSIS  (-300  C,  10  SECONDS,  2  ATM  HELIUM*) 


Samples  of  the  ring  N  labeled  HMX  also  were  pyrolyzed  at  high  temperature 
(~800  C)  under  2  atm  of  helium.  Under  these  conditions,  NO  was  the  prin¬ 
cipal  gaseous  product  and  accounted  for  42  m/o  of  the  total  HMX  nitrogen 
(Table  S).  The  other  two  major  nitrogen-containing  gaseous  products  were 
N2  (21  m/o)  and  N^O  (18  m/o>.  The  pyrolysis  of  HMX  at  800  C  was  near 
quantitative . 

TABLE  5.  GASEOUS  PRODUCT  DISTRIBUTION  FROM  HMX  (RING  N15) 

PYROLYSIS  (-800  C,  10  SECONDS,  2  ATM  HELIUM) 


Based  on  the  results  summarized  in  Tables  3  and  5,  the  major  differences 
observed  for  the  amounts  of  the  nitrogen- containing  product  gases  formed  at 
-300  versus  -800  C  were  as  follows: 

The  formation  or  n?u  decreased  significantly  at  the  higher 
temperature 

The  amount  of  NO  formed  at  -800  C  was  greater 


2. 


3.  A  slight  decrease  was  observed  in  the  N  yield 

4.  A  significant  amount  of  HCN  was  formed  at  tho  higher  temperature 

5.  No  NH3  was  observed  at  the  higher  pyrolysis  temperature 

A  similar  comparison  of  the  carbon-containing  product  gases  indicates  the 
following  with  increased  temperature: 

1.  An  increase  in  the  amount  of  CO 

2.  A  decrease  in  the  yield  of  CH^O  from  28  to  0  m/o 

3.  Virtually  no  change  in  the  amounts  of  CO  and  CH 

a  *f 

Mass  spectrometr  ic  analyses  of  the  product  gases  obtained  at  -800  C  are 
summarized  in  Table  6.  The  isotopic  compositions  of  N^O  and  NO  were  pre¬ 
dominantly  N15N140  and  N140,  as  war  observed  for  the  pyrolysis  of  HMX 

at  the  lower  temperature.  The  isotopic  composition  of  the  N  gas  was  some- 

^  14  14 

what  different  than  previously  observed  in  that  the  amounts  of  N  N  and 

W15Ni5  were  higher.  The  major  amount  of  HCN  was  comprised  of  N1^, 

15 

which  supports  the  conclusion  that  it  was  formed  from  ring  labeled  N 


TABLE  6.  LABELED  GASEOUS  PRODUCT  DISTRIBUTION  FROM  HMX 
(RING  N15)  PYROLYSIS  (-800  C,  10  SECONDS,  2  ATM  HELIUM!) 


LAUtLL!) 

PRODUCT 

MASS 

NO. 

RELATIVE 

PERCENT 

INTENSITY 

MOLE  PERCFNT 
CONTRIBUTION 
FROM  TOTAL  N 

MOLE  PERCENT 
YILLL)  BASED 

ON  TOTAL  N 

n,4-n14 

28 

15 

3  ) 

n’W4 

29 

75 

16 

2i 

n'W3 

30 

10 

*  ) 

n,4=o 

30 

90 

38  ) 

1 5 

NiO-0 

31 

10 

'•  * 

42 

n14=n,4--o 

44 

0 

n,3-n14=o 

45 

95 

17  1 

'8  1 

15  1 c 

N  D-N 1  -0 

46 

5 

,  ! 

1 

1 

14 

HC=N 

27 

15 

?  i 

11 

HC=N  ' 

28 

35 

_ _ 
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Secondary  N„0  Gas-Phase  Reaction  Considerations 

Explanations  were  sought  for  the  observed  differences  in  the  N^O  and  NO 
yields  as  a  function  of  increasing  temperature.  The  observed  increased  NO 
yield,  for  example,  might  be  due  to  secondary  gas-phase  reactions  of  N?0. 
A  possible  N^O  gas-phase  reaction  is  (Ref.  5): 

N  O  +  0  ->  2N0  E  =  24  kcal/mole 

2  a 

14  15  15  14 

This  should  give  equal  parts  of  N  0  and  N  0  from  the  observed  N  N  O. 

14 

However,  since  90%  of  the  recovered  NO  at  high  temperature  was  N  0,  this 
reaction  does  not  appear  to  be  a  predominant  one.  A  more  likely  explanation 
for  the  higher  yield  of  NO  is  based  on  the  previously  reported  work  of 
Axworthy  et  al .  (Ref.  4),  who  showed  that  NO  was  formed  predominantly  from 
HMX  primary  pyrolysis  processes  and  not  by  secondary  gas-phase  reactions. 


Nitrous  oxide  also  is  known  to  undergo  the  following  reactions  leading  to 
formation  (Ref.  5). 


n2o  +  0  ■+  n2  ♦  0? 


E  =0.5  kcal/mole 
a 


n2c  +  CO  -»  n2  +  co2 


E  =  17  kcal/mole 
a 


NO  +  M-*N  +  0  +  M 
2  2 


E  =  51  kcal/mole 
a 


(where  M  is  an  inert  species) 


15  14  15  14 

These  reactions  would  give  N  N  from  N  N  C  Thus,  the  observed 
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N  N  may  have  resulted  from  secondary  N20  reactions  However,  since 
the  N2  yield  decreased  only  slightly  with  increasing  temperature,  the  large 
N20  decrease  cannot  be  accounted  for  totally  by  such  secondary  reactions. 
Finally,  reactions  of  N'20  witr  carbon  specie!  that  might  result  in  the 
formation  of  HCN  are  unlikely. 


The  observed  experimental  results  for  the  NO  and  N^O  yields  versus  pyroly¬ 
sis  temperature  are  in  agreement  with  the  work  of  Axworthy  (Ref.  4).  The 

conclusions  are  that  the  yields  are  the  result  of  primary  pyrolyai*  processes 

and  not  secondary  gss-phase  reactions.  In  separate  experiments  performed  on 
the  pyrolysis  of  RDX,  it  was  found  that  the  yields  of  N20  and  CH20  were 
only  half  those  from  HHX  and  that  the  NO  yields  were  greater  at  temperatures 
below  800  C. 

Since  the  N^O  and  NO  yields  are  due  to  primary  pyrolysis  processes,  the 

larger  N?0  and  CH20  yields  from  HHX  imply  a  weaker  C-N  bond  strength 

(greater  ring  strain)  than  that  of  RDX.  This  is  in  agreement  with  the  calcu¬ 
lated  thermodynamic  estimates  made  by  Shaw  and  Walter  (Ref.  6).  Thus,  from 
the  data  obtained  here  and  those  previously  mentioned,  C-N  bond  breaking  in 
HHX  occurs  to  a  greater  extent  than  N-N02  bond  cleavage  near  the  melt 

region.  A3  the  temperature  is  increased,  the  N-NO^  bond  scission  proceeds 

at  a  faster  rate  than  C-N  bond  rupture,  which  results  in  greater  NO  yields. 

Although  the  current  work  indicates  that  N?0  and  N2  form  without  rupture 
of  the  N-N02  bond,  the  conclusion  that  the  initiation  step  cannot  involve 
cleavage  of  the  N-N02  bond  is  unwarranted.  This  would  be  true  only  if  all 
of  the  nitrogen  atoms  in  the  parent  HHX  molecule  ended  up  as  N20  and  N2- 
Based  on  the  experimental  results,  this  is  not  the  case  since  18  a/o  NO  was 
recovered  just  above  the  melt  region  of  KMX.  Therefore,  the  initial  step 
could  be  a  rupture  of  the  N-N02  bond  leading  to  nitrogen  dioxide  (N02>  or 

nitrous  acid  (HONO)  elimination  followed  by  NO  formation  from  these  unstable 

spec ies . 

Vacuum  Decomposition  of  Isotoplcallv  Labeled  and  Unlabeled  HMX 

15 

The  decomposition  mechanism  of  N  labeled  and  unlabeled  HMX  was  investi¬ 
gated  further  at  -800  C  (10  seconds)  under  vacuum  (0.03  mm)  The  pyrolysis 
gases  were  injected  directly  into  the  mass  spectrometer  to  determine  all 
gaseous  species  initially  formed.  The  resulting  mass  fragmentation  patterns 
were  quite  complex  (Tables  7  through  9;.  Therefore,  a  theoretical  analysis 


TABLE  8.  MASS  FRAGMENTATION  PATTERN  FOR  GASEOUS  PRODUCTS  FROM  HHX 
(RING  N15)  PYROLYSIS  <~800  C,  10  SECONDS,  0.03  na> 


m/r 

POSSIBLE  SPECIES 

RELATIVE  INTENSITY 

i 

II 

If! 

,> 

H2 

25 

12 

C 

4 

i  j 

Ul 

1 

14 

N,  CH., 

8 

lb 

Nl:\  CH-r  Nil 

3 

lb 

o.  n!‘jh 

10 

,  .  1  s 

1  /' 

OH,  N  H.,,  NH3 

23 

IB 

1  b 

h2o,  n 

65 

14 

HJ0t 

1 

+  + 

CO, 

1 

L 

2b 

CN 

2 

r  / 

ON15,  HCN 

6 

l[] 

CO,  HCN15,  CH2N, 

46 

k?y 

n'V**,  CH,,n'5,  CC.Nri,  CH,N,  CHO 

C  C  J 

18 

30 

NO.  CH?0,  N2'\  CI,2N15H,  CH,N15 

100 

31 

ch3o,  n15o,  hno 

4 

39 

INCH 

I 

40 

CNN,  CNCH^,  CHIjCH,  CHNCH 

1 

4  i 

NCIIN,  HCNf.H?,  CH15NK,  CN15C!-.? 

1 

4  if 

,i2cnn,  ch?nc.ii2,  c.rV5,  n15chn,  hcn1dch?,  ocn 

2 

4  1 

ch2n15ch?,  hocn,  h^cn'V  n‘‘j:hn13,  ocn:!j 

3 

44 

C02,  N?0,  HOCN15,  N1b('ri9N1f>.  Cr.^KG,  N^CH^NH 

55 

4  b 

n'W  Nlb(,H2Nlb.l,  KNiMC 

22 

4  b 

NO.,,  iIN'‘’N0 

t 

1 

- - 1 

TABLE  9.  MASS  FRAGMENTATION  PATTERN  FOR  GASEOUS  PRODUCTS 
FROM  HMX  (TOTAL  N15)  PYROLYSIS 
(-800  C,  10  SECONDS,  0.03  mm) 


|pn9r 


i  rit  fr.fr? 


of  the  mass  fragmentation  pattern*  was  performed.  The  basis  for  the  analysis 
was  the  mass  spectral  data  reported  by  Cornu  <Ref.  7)  for  those  gaseous 
products  found  during  the  HHX  pyrolysis  studies  conducted  at  -800  C  under 
2  atm  of  helium.  Table  10  is  a  compilation  of  Cornu's  mass  spectral  data, 
and  the  relative  intensities  given  are  based  on  the  reference  gas  n-butane. 

The  data  summarized  in  Table  10  indicate  the  complex  mass  fragmentation  pat¬ 
tern  one  might  expect  based  on  the  listed  gases.  The  w/o  product  gas  yields 
from  the  pyrolysis  of  HHX  at  ~800  C  in  2  atm  of  helium  are  summarized  in 
Table  11.  Based  on  the  assumption  that  the  product  g&s  yields  are  similar  at 
800  C  under  2  atm  of  helium  or  0.03  mm  of  pressure,  one  can  predict  a  theo¬ 
retical  mass  fragmentation  pattern  for  the  product  gases  due  to  electron  bom¬ 
bardment.  This  theoretical  fragmentation  pattern  is  given  at  the  bottom  of 
Table  10  for  which  a  mass  of  30  (NO)  was  used  as  a  baseline  with  a  relative 
intensity  of  100.  The  following  discussion  will  refer  to  this  theoretical 
f rasmentation  pattern  for  which  there  are  significant  differences. 

The  m/2  values  of  1  and  2  (Table  7>  are  due  to  H  atoms  and  ,  respec¬ 
tively.  As  shown  in  Table  11,  the  yields  were  less  than  1  w/o. 

The  m/e  value  of  15  (Table  7)  is  several  times  larger  than  that  predicted 
(Table  10),  which  suggests  that  NH  or  CH3  formation  from  HHX  results  from 
primary  and/or  secondary  thermal  decomposition  processes,  and  is  not  totally 
due  to  mass  fragmentation  by  electron  impact  of  the  gaseous  products. 

The  hydroxyl  radical,  not  NH^ ,  is  believed  to  account  for  the  m/e  value  of 
17  (Tabie  7).  Ammonia  is  known  to  be  thermally  unstable  above  400  C.  partic¬ 
ularly  in  the  presence  of  oxygen  and/or  hydrogen  atoms  (R«f.  8).  In  addi¬ 
tion,  the  current  studies  have  shown  no  NH^  from  MMX  pjrolysls  at  ~800  C 

(Table  11).  The  expected  m/e  ratio  of  18  to  17  for  h!  C  is  approximately  5 
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to  1.  The  rat. os  foura  for  HHX  (Table  7),  ring  labeled  N  (Table  8),  and 
total  N15  labeled  HM2  (Table  9)  are  all  significantly  smaller,  suggesting 
some  OH  formation  during  the  HHX  primary  or  secondary  thermal  decomposition 
and  not  all  from  mass  fragmentation  o,  n^O  by  electron  impact. 


TABLE  11.  GASEOUS  PRODUCT  DISTRIBUTION  FROM  KMX  PYROLYSIS 
(-800  C,  10  SECONDS ,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLt  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

n2 

10 

26 

NO 

30 

37 

n2o 

11 

18 

nh3 

0 

G 

HCN 

13 

18 

36 

CO 

12 

32 

co2 

11 

18 

ch2o 

0 

0 

CH4 

<1 

<6 

H.» 

<1 

c 

h2o 

12 

_ -1 

99 

_  99  J 

36 

The  m/e  ratio  cf  ?)  (Table  7)  can  be  accounted  for  only  by  HCN.  It  wen  con¬ 
cluded  earlier  that  HCH  formation  may  be  a  rate-controlling  process,  partic¬ 
ularly  at  low  temperatures  (~;i00  C)  . 

The  m/e  rtti.o  of  28  is  attributed  to  CO,  N^,  and  CH0N  with  the  first  two 
>>eing  major  gaseous  products  from  the  decomposition  of  HKX  at  -800  C 
(Table  11) . 


The  assignments  made  for  m/e  value  of  29  are  to  the  Bpecles  CH^NH  or 

CHjN,  ar.d  not  CHO  because  the  latter,  formed  from  formaldehyde,  Is  known  to 

undergo  highly  exothermic  gas-phase  reaction  with  oxides  of  nitrogen 

(Ref.  9).  Confirmation  for  the  m/e  assignment  to  CH  NH  or  CH  N  inter- 

1  15 J 

mediates  is  given  by  the  presence  of  a  m/e  value  of  29  (CH^N  )  for  the 

pyrolysis  of  totally  N*5  labeled  HMX  (Table  9).  The  possibility  exists 

that  these  species  can  serve  as  precursors  for  HCN  via  further  hydrogen 

abstraction.  The  relative  intensity  (24)  for  these  species  is  significant 
(Table  7) . 

The  m/e  ratio  of  30  (Table  7)  is  assigned  to  NO,  which  is  the  major  HMX 

decomposition  product  at  ~800  C.  As  previously  mentioned,  CH^O  is  an 

unlikely  species  due  to  its  high  reactivity  toward  nitrogen  oxides.  The  m/e 
value  of  31,  listed  in  Table  8,  obtained  from  the  pyrolysis  of  ring  N15 
labeled  HMX,  confirms  the  earlier  conclusion  that  the  majority  of  the  NO  iB 
derived  from  the  NO^  nitrogens. 

The  m/e  values  of  39  to  43  may  be  due  to  a  variety  of  CNH  fragments  as  shown 
in  Tables  7  through  9.  Of  particular  interest  is  the  ro/e  ratio  of  43  with  a 
relative  intensity  of  20  obtained  for  unlabeled  HMX  (Table  7).  Possible 

species  are  NCH^NH  or  KOCN  (cyanic  acid).  The  species  NCH^NH  seems 

unlikely  due  to  the  lack  of  a  similar  intensity  for  a  m/e  ratio  of  45, 

N15CH„N15H,  from  the  pyrolysis  of  totally  N15  labeled  HMX  (Table  9). 

L 

Cyanic  acid  boils  at  23.5  C  at  atmospheric  pressure  and  is  a  corrosive,  very 
unstable  liquid.  It  polymerizes  spontaneously  to  form  cyamelide  (CNOH)^ 

and  cyanuric  acid: 


JW-C 


n 

/  \ 


C-OH 


H 

K 


1 


N 


Oh 


The  proportion  of  cyanuric  acid  increases  with  temperature  (Ref.  10).  Above 
360  C,  cyanuric  acid  undergoes  decomposition.  Cyanic  acid  may  be  the  source 
then  of  the  polymeric  residues  observed  from  HMX  decomposition  reported  by 
numerous  investigators,  particularly  at  low  temperatures. 

The  m/e  ratio  of  44  (Table  7)  is  attributed  to  N_0,  CO„,  and/or  CH.NO; 

£  a.  £ 

the  first  two  compounds  are  major  gaseous  products  from  the  pyrolysis  of  HKX 

at  ~800  C  (Table  11).  Additional  confirmation  for  N.O  was  obtained  from 
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the  pyrolysis  of  totally  N  labeled  HMX,  which  resulted  in  a  m/e  value  of 
46  for  N150  (Table  9). 

The  reduction  of  NO  by  NH3  to  N20  involves  an  intermediate  HNNO  (Ref.  8). 
The  m/e  value  of  45,  therefore,  may  be  an  indication  of  the  presence  of  this 
intermediate . 

Nitrogen  dioxide  accounts  for  the  observed  m/e  ratio  of  46.  Under  the 
thermal  conditions  used,  a  major  amount  of  any  NO^  formed  would  not  be 
expected  to  survive,  thereby  resulting  in  the  observed  low  relative  intensity 
(Table  7).  At  temperatures  <140  C,  NO,  decomposes  to  NO  and  O^  and  the 
reaction  is  quantitative  above  600  C.  In  addition,  NO?  can  undergo  various 
gas  phase  reactions  such  as  the  following  (Ref.  9),  which  result  in  the 
products  observed  in  this  study: 


AH,  kcal/mole 


N02  +  H  ?  NO  +  OH  -28.9 

NO?  t  0  t  NO  +  02  -45.9 

N02  +  HCO  t  NO  +  H  +  COz  -33,7 

N02  -v  HOC  KONO  v  CO  -61  J 

N02  v  HCH0  t  HONO  +  HCO  1L.4 

NO.  +  NO  t  2N0  +  0. 

2  2  2 


is 


j?  3 


EFFECT  OF  ENERGETIC  ADDITIVES  ON  HMX  DECOMPOSITION 


The  effect  of  various  energetic  additives  on  the  decomposition  mechanism  of 
HMX  and  its  gaseous  decomposition  products  was  determined.  The  approach  used 
was  to  determine  any  significant  deviations  between  the  experimental  and 
theoretically  predicted  quantities  of  the  gaseous  products.  If  such  devia¬ 
tions  were  observed,  it  could  be  concluded  that  the  decomposition  gases  of 
the  additive  underwent  a  chemical  and/or  thermal  interaction  with  those  of 
HMX.  In  addition,  a  knowledge  of  the  decomposition  mechanism  of  the  energe¬ 
tic  additives  and  their  interaction  in  the  decomposition  of  HMX  should  lead 
to  a  better  understanding  of  nitramine  decomposition. 

Premixed  samples  were  prepared  of  HMX  and  the  additive.  The  pyrolysis  of  the 
mixtures  was  conducted  under  2  atm  of  helium  at  a  maximum  heating  rate  of 
approximately  850  C  per  second  and  held  for  10  seconds  in  all  experiments. 

Pyrolysis  of  Triaminoguanidine  Nitrate  ( TAGN ) 

Pure  TAGN  was  pyrolyzed  at  ~800  and  ~400  C,  and  the  gaseous  product  dis¬ 
tributions  obtained  are  summarized  in  Tables  12  arid  13,  respectively.  At  the 
higher  temperature,  N^  was  the  major  nitrogen-containing  product  and  no 
NH^  was  noted.  When  the  pyrolysis  was  performed  at  the  lower  temperature, 
N^  was  again  the  major  product  but,  in  addition,  a  significant  amount  of 
NH^  (20  m/o)  also  was  noted. 

Thermal  Decomposition  of  HMX/TAGN  Mixtures 

The  gaseous  product  distribution  obtained  from  the  pyrolysis  of  an  80  HMX-20 
TAGN  w/o  mixture  at  ~800  C  is  given  in  Table  14.  An  analysis  was  performed 
on  the  degree  of  interaction  between  HMX  and  TAt'N.  This  consisted  of  a  com¬ 
parison  of  the  measured  gas  yields  with  those  predicted  (numbers  in  parenthe 
ses)  by  addition  of  the  weighted  product  distributions  from  pure  HMX  and  TAGN 
pyrolyzed  under  similar  conditions,  The  key  deviations  noted  in  this  analy¬ 
sis  were  those  for  N^  and  NO  (Table  it 


TABLE  12.  GASEOUS  PRODUCT  DISTRIBUTION  PROM  TAGN  PYROLYSIS 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WLIGHT  PERCENI 
YIELD 

MOLL  PLRLLNT 
YIELD  FROM  N 

MOLL  PERCENT 
YIELD  FROM  C 

N., 

55 

94 

c 

NO 

I 

1 

N?0 

•1 

*•  1 

NH^ 

0 

0 

HCN 

5 

4 

31 

CO 

■; 

42 

co2 

9 

34 

ch2o 

0 

0 

c.h4 

0 

0 

H2 

1 

H?0 

21 

— 

99 

96 

10? 

TABLE  13.  GASEOUS  PRODUCT  DISTRIBUTION  FROM  TAGN  PYROLYSIS 
(-400  C,  10  SECONDS,  2  ATM  HELIUM) * 


PRODUCT 

WEIGHT  PERCEN" 
YIELD 

MOlE  percent 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  PROM  C 

N? 

46 

78 

NO 

1 

■  1 

n2o 

6 

6 

nh3 

14 

20 

HCN 

1 

••  1 

6 

CO 

24  j 

13 

49  1 

CH20 

0 

J 

ch4 

10 

H.. 

0 

1 

i 

( 

1 

H?G 

y 

98 

_ 

104 

79 

*THE  SAMPLE  WAS  757  PYROLYZLD  j 

zt 


TABLE  14.  PRODUCT  DISTRIBUTION  FROM  80  HMX-20  W/0  TAGN  PYROLYSIS 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

n2 

22 

52  (40)* 

NO 

20 

22  (30) 

n2o 

11 

17  (14) 

nh3 

0 

Q  (0) 

HCN 

10 

12  (15) 

31  (35) 

CO 

12 

36  (34) 

C02 

12 

23  (21) 

CH20 

C 

0  (0) 

Cr;4 

0 

<5  (  5) 

H2 

<1 

h9o 

12 

99 

103 

90 

*VALUES  IN  PARENTHESES  ARE  THOSE  PREDICTED  BASED  ON 
WEIGHTED  GASEOUS  PRODUCT  DISTRIBUTIONS  FROM  PURE 

HMX  AND  TAGN 

Miller  et  al  (Ref.  8)  recently  developed  a  chemical  kinetic  model  that 
explains  the  important  features  of  the  exothermic  reduction  of  NO  by  NH  in 
the  presence  of  oxygen.  Essential  to  the  model  is  a  mechanism  that  involves 
the  reduction  of  NO  oy  amidogen  (NH,,),  which  is  formed  from  NH3 .  The  NO 
reduction  is  most  effective  between  700  and  1000  C.  At  temperatures  above 
1200  C,  the  process  becomes  counterproductive  and  results  in  nonreduction  of 
NO.  Hyoroger.  lowers  the  effective  temperature  region  Dy  ~5V  In  addition, 
OH  radicals  accelerate  the  conversion  of  NH3  to  NH^  •  However  ,  .n  excess 
of  OH  radicals  was  found  to  have  an  inhibiting  effect  on  the  reduction  of  NO 
by  NH3,  particularly  at.  temperatures  >1200  c 


The  current  studies  cn  the  decomposition  of  HMX  at  ~800  C  have  shown  that 
NO  is  a  major  product,  while  NH3  is  a  product  of  the  pyrolysis  at  ~300  C, 
but  none  is  observed  at  ~800  C.  Furthermore,  there  is  experimental  evi¬ 
dence  that  OH  radicals  and  are  products  of  the  decomposition  of  HKX 
(Vacuum  Decomposition  of  Isotopically  Labeled  and  Unlabeled  KMX  Section). 
Thus,  based  on  Miller's  kinetic  model,  an  optimum  environment  exists  for  MO 
reduction  except  for  the  presence  of  NH^-type  intermediates.  This  suggests 
that  the  combustion  of  HMX  might  be  modified  by  the  incorporation  of 
additives  which,  on  decomposition,  would  yield  these  types  of  species. 

The  generation  of  and  H^O  in  high  yields  and  NO  in  a  much  lower  amount 
during  the  pyrolysis  of  TAGN  (Table  12)  implies  that  NO  is  being  reduced  by 
NH^  formed  during  the  thermal  decomposition  process.  Therefore,  since  this 
appears  to  be  the  case,  it  is  not  surprising  that  there  was  no  dramatic 
deviation  between  the  observed  and  predicted  NO  values  (Table  14).  An  addi¬ 
tive  capable  of  generating  NH^  intermediates,  but  which  contains  little  or 
no  oxygen,  would  be  a  more  effective  ingredient  for  promoting  chemical 
interactions  with  the  HMX  generated  NO. 

BistriaminoKuanidinium  Azobitetrazole  (TAGZT) 

The  compound  TAGZT  is  quite  similar  to  TAGN  except  that  it  contains  no  oxy¬ 
gen.  TAGZT  was  pyrolyzed  at  ~800  C  and,  as  expected,  a  much  larger  amount 
(16  m/o)  of  NH^  was  measured  (Table  15). 

Pyrolysis  of  HMX-TAGZT  Mixtures 

The  first  series  of  pyrolyses  were  conducted  on  a  mixture  or  80  HMX  (ring 

labeled  Nl5)  and  20  w/o  TAGZT  to  establish  the  extent  of  NO  reduction  by 

the  cogenerated  NH  and/or  its  NH  derivative.  The  gaseous  product  dis- 
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tributio.is,  including  the  N  -labeled  products,  are  given  in  Tables  16  and 
17.  As  before,  a  comparison  was  made  of  the  predicted  and  experimentally 
found  quantities  of  the  products  to  determine  the  extent  of  interaction.  The 
principal  finding  from  this  analysis  was  a  major  reduction  in  the  amount  of 
NO  theoretically  expected  and  a  dcubling  of  the  amount  of  N^.  In  concert 
with  this  results,  larger  yields  of  CO  and  C0„  were  observed. 


TABLE  15.  PRODUCT  DISTRIBUTION  FROM  TAGZT  PYROLYSIS 
(-800  C.  10  SECONDS,  2  ATM  HELIUM) * 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

n2 

62 

75 

NO 

<1 

0 

N?0 

<1 

0 

nh3 

16 

16 

HCN 

15 

9 

52 

CO 

<1 

0 

C\J 

o 

o 

<1 

0 

CH20 

0 

0 

ch4 

1 

6 

H2 

1 

I  H2C 

1 

96 

iOO 

58  | 

*APPR0X IMATELY  90%  OF  THE 
j  UNDER  THESE  CONDITIONS. 

SAMPLE.  WAS  PYROLYZED 

TABLE  16.  PRODUCT  DISTRIBUTION  FROM  80  HKX 
(RING  N15>-20  W/0  l'AGZT  PYROLYSIS 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


prouuc r 

Will, III  I'lKCENl 
YIELD 

MOL  1  IMItOIN! 
YIEED  F  ROM  N 

Mllll  I’l  IK  INI 

yii  i  ii  iRori  c 

N? 

32 

68  (32)* 

NO 

13 

13  (34) 

N?0 

7 

9  (14) 

NH-, 

o 

0  (3) 

IICN 

q 

10  (15) 

25  (38) 

CO 

16 

44  (26) 

CO, 

14 

25  (15) 

Cll.,0 

0 

0  (0) 

Cll4 

1 

■5  ( ■  5 ) 

H? 

1 

M.,0 

a 

_ 

1 

100 

100 
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TABLE  17.  LABELED  PRODUCT  DISTRIBUTION  FROM  80  HKlK  (RING  N15) 
20  W/O  TAGZT  PYHOLYSIS  (-800  C,  10  SECONDS,  2  ATM  HELIUM) 


MOLE  PERCENT 

MOLE 

LABELED 

HASS 

REI  AT  I VI  PERCENT 

CONTRIBUTION 

PERCENT  YIELD 

PRODUCT 

NO. 

INTENSITY 

TROM  TOTAl  N 

1  ROM  TOTAL  N 

— 

.£* 

28 

SO 

34 

Nlb  fl’4 

29 

45 

51 

68  (32)* 

N,r’  NIS 

30 

5 

3 

m,4-o 

30 

95 

12 

N|f’  C 

'■ 

1 

13  (34) 

i 

n,4V4-c 

ut. 

c 

(, 

i 

n’-n14  0 

45 

■m 

i  (14) 

N  1  lJ  -  N 1  ,J  0 

46 

2 

14 

HC  N 

2  7 

30 

J 

m  (15) 

1 S 

lie  N 

28 

/() 
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Analyses  of  the  results  shown  in  Table  17,  when  compared  to  those  presented 
in  Table  6,  support  the  hypothesis  that  NH^-derived  intermediates  can 

indeed  interact  with  the  decomposition  gases  of  HMX .  For  example,  the  N 

1414  15  14  ‘ 

consisted  of  nearly  equal  amounts  of  N  N  and  N  N  ,  as  compared 

to  essentially  pure  N^N1^  when  neat  ring  labeled  N*5  was  used.  Since 

it  was  observed  that  this  type  of  isotopically  labeled  HMX  gave  primarily 
14 

N  0  when  pyrolyzed  (Table  6),  the  N isotopic  mixture  observed  from  the 

decomposition  of  tne  HMX-TAGZT  sample  must  have  resulted  from  the  interaction 
14  14 

of  the  N  0  with  N  H_  from  the  TAGZT.  Further  substantiation  of 

J  X  14  14 

this  mechanism  is  the  fact  that  the  observed  quantity  of  N  N  could  not 

have  come  from  the  TAGZT  alone. 

The  effectiveness  of  TAGZT  on  the  reduction  of  NO  generated  from  HMX  was 

further  tested  by  pyrolysis  of  a  60  HMX-40  w/o  TAGZT  mixture  under  similar 
conditions  (Table  18).  In  this  case,  the  NO  yield  was  reduced  by  a  factor  of 
3  and  the  yield  increased  by  a  factor  less  chan  2.  (The  smaller  N^ 

increase  was  due  to  the  greater  quantity  of  TAGZT  in  the  mixture.) 

TABLE  18.  PRODUCT  DISTRIBUTION  FROM  60  HMX-40  W/O  TAGZT  PYROLYSIS 
<~80C  C,  10  SECONDS,  2  ATM  HELIUM) 


I'Romici 

WCIGIIT  PCRCFN1 

Y I  f'LD 

MOLL  PL RC INT 
YU  1  D  FROM  N 

MOLL  PLRUNT 
YULI)  ri<0M  c  j 

N.. 

41 

/■I  (4b)* 

1 

1 

no 

j 

N^l) 

in  (ID 

1 

Nil , 

■i 

■  •  1  1 )  ) 

II T  H 

U) 

1  1 

" )  i  1  4  j 

{  i  -4  ) 

CO 

,,0 

•4  v  1  i  ; 

:  '  ) 

Ui4 

H-. 

i 

i  i 

;  »  >)  : 

V 

II. ,11 

1 

1  iki  j 

!  D  j  tw. 
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The  above  test  results  indicated  the  potential  attributes  of  TAGZT  for  modi¬ 
fying  the  combustion  of  HMX,  which  was  demonstrated  further  during  burning 
rate  studies  on  propellants  containing  this  ingredient  (see  Combustion  Bate 
Studies  section) . 

In  conclusion,  a  summary  of  those  factors  that  influence  the  effectiveness  of 
the  exothermic  HMX-NO  reduction  by  additive  NH^  intermediates,  as  deter¬ 
mined  by  this  study  and  those  referenced,  is  given  below: 

1.  The  effective  temperature  region  of  the  exothermic  NO  reduction  to 
N?  by  NH2  intermediates  is  ~700  to  1200  C  (Ref.  11) 

2.  The  concentration  ratio  of  NH^  to  NO  is  critical 

3.  Diffusional  gradients  may  be  the  most  important  factor,  thus,  addi¬ 
tive  particle  size  is  very  important 

4.  Matching  of  additive  and  nitramine  decomposition  temperature 

5.  Rate  of  additive  decomposition 

6.  Self-consumption  of  NH2  by  the  additive  itself,  thuB  negating 

chemical  interaction  with  HMX-NO  (TAGN  decomposes  in  such  a  manner) 

Bisdi ammonium  Azobltetrazole  (DAZT) 

This  compound  is  the  diamtnoniuro  analog  of  TAGZT.  Pyrolysis  studies  were 
conducted  on  neat  DAZT  and  HMX-DAZT  mixtures  to  determine  the  extent  of 

interaction  of  the  gaseous  decomposition  products. 

The  gaseous  products  and  their  amounts  from  the  decomposition  of  DAZT  are 
summarized  in  Table  19.  This  compound,  unlike  TAGZT,  exploded  upon  initia¬ 
tion  of  the  pyrolysis.  Nitrogen  was  a  major  product  (66  m/o)  and  hydrazine 
(77  m/o),  not  found  as  a  decomposition  product  of  TACZT,  was  formed  at  a 
higher  level  than  NH3  m/o).  A  possible  explanation  for  the  formation  of 
in  such  quantities  mey  be  dut  to  coupling  reactions  of  NH^  radi¬ 
cals  produced  by  the  decomposition  of  NH^  generated  during  the  pyrolysis  of 


TABLE  IP.  PRODUCT  DISTRIBUTION  FROM  DAZT  PYROLYSIS*1 
'.-800  C,  10  SECONDS,  2  ATM  HELIUM) 


Wl  I OUT  PIRCI.NI 

MOLL  PI  RUN! 

HOI.  1  P|  RUN! 

PRODlli.  1 

Y 1 1 1  0 

Y  II  I  D  I  ROM  N 

Y it  1.1)  I  ROM 

■N  , 

*)S 

Nl. 

Nl' 

0 

(. 

N  ,i) 

" 

0 

Nil  , 

‘1 

V'-< 

\)  1 

HCN 

IP 

h 

CO 

0 

0  1 

ro 

1 

( 

0 

| 

1) 

i  i  H, 

>4 

0 

i) 

H  , 

1 

H  .0 

C 

0 

100 

1  OH 
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Pyrolysis  of  HMX-DAZT  Mixture 

Pyrolysis  studies  were  conducted  on  an  80  HMX-20  w/o  DAZT  mixture  and  the 

products  identified  and  quantified  (Table  20)  On  occasion,  thii  nuxture 

detonated  during  the  pyrolysis.  In  those-  instances,  no  significant 
differences  were  noted  in  the  nature  or  quantity  of  tne  products. 

As  observed  for  the  HMX-TAGZT  mixture,  the  adoition  of  DAZT  to  HMX  resulted 
in  a  significant  decrease  in  the  theoretically  predicted  yield  of  1.0  and  an 
increase  in  the  yield.  The  NH^  yield  was  reduced  to  0",  whereas  trie 

N^H,  did  not  appear  to  undergo  any  oxidation  during  the  pyrolysis.  Other 
wise,  the  product  distribution  was  similar  to  that  previously  reported  ror 

the  80  HMX-20  w/o  TAGZT  mixture  (Table  16) 


TABLE  20.  PRODUCT  DISTRIBUTION  FROM  80  HKX- 20  W/O  DAZT  PYROLYSIS 
(-800  C,  10  SECONDS,  ?  ATM  HELIUM) 


PR00UC1 

Wl I GUI  PLRCLNI 
YIUO 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

N2 

V 

5/  (34)* 

NO 

1.1 

H  (  30) 

N^O 

9 

12  (14) 

NM  | 

0 

G  (2) 

V'4 

S 

9  (S) 

HCN 

6 

?  (16) 

17  (36) 

CO 

n 

13  (26) 

CO, 

19 

34  (14) 

CK.,0 

0 

0  (0) 

CM, 

0 

0  (  4) 

Hj 

1 

.1,0 

' 

_ 

JO 

100 

98 

<12 

•VALUES  IN  PARENTHESES  ARE  WEIGHTED  AMOUNTS  OF  THE 
EXPECTED  GASES  ASSUMING  NO  INTERACTION 

Ammonium  5-Ni traminotetrazcle  (AMAT) 

The  chemical  composition  of  ANAT  provides  an  equimolar  balance  of  nitramine 

and  ammonium  groups  so  that  one  might  expect  a  quantitative  reduction  of  the 

HO  by  NH^ ,  both  generated  by  the  decomposition  of  ANAT.  The  decomposition 

-ases  formed  during  the  pyrolysis  of  ANAT  at  800  C  are  summarized  in 

Table  21.  The  principal  results  wore  a  high  yield  (89  m/o)  of  N?  and  a 

very  low  yield  (3  m/o)  of  NO,  as  was  expected  from  the  chemical  interaction 

between  NO  and  NK_. 

3 

Pyrolysis  of  HMX-ANAT  Mixture 

The  effect  of  ANAT  on  the  decomposition  of  HMX  was  measured  on  a  80  HHX-20 
w/o  ANAT  mixture.  The  results,  summer. zed  in  Table  22,  again  demonstrated 

that  additives  containing  moieties  capable  of  generating  NH^,  and  from  it 

NH2~type  intermediates,  can  reduce  significantly  the  theoretical  yield  of 
NO  by  a  chemical  interaction. 


.1/ 


TABLE  21.  PRODUCT  DISTRIBUTION  FROM  ANAT  PYROYLYSIS 
(-800  C.  10  SECONDS,  2  ATM  HELIUM) 


PRODUC  r 

WEIGHT  PEROT  NT 
YIELD 

MOLl  PL HC L N 1 
YIELD  FROM  N 

MOLL  PIRCtNI 
y  i  i;i.n  r  rom  c 

N, 

(-0 

89 

NO 

*> 
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N,0 

1 

1 

NHj 

0 

o 

V'« 

2 

J 

HCN 

6 

b 

32 

CO 

31 

CO., 

/ 

2  i 

CH.,0 
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CH-i 

1 

9 

M, 

1 

H?G 

13 

100 

1()| 

TABLE  22.  PRODUCT  DISTRIBUTION  FROM  80  KMX -20  W/O  ANAT  PYROLYSIS 
(~800  C,  10  SECONDS,  2  ATM  HELIUM 


[ 

WEir.o:  PERCENT 

MOL.  PERCENT 

MOLc.  PERCENT 

'product 

i.ELD 

YIELD  FROM  N 

YIELD  EROM  C 

n2 

26 

oO  (.39)* 

i N0 

1 9 

20  (30) 

N.,0 

M  (IS) 

NH.} 

0 

0  (0) 

N2h< 

0 

0  (i) 

HCN 

8 

c.  lib) 

24  (35) 

CO 

12 

ib  (32) 

CC2 

14 

26  (!f) 

CH20 

0 

0  Sn 

1 

j  -j) 

M. 

•  1 

C 

.2 

....  1 

J 

IOC 

102  | 
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1 . 7-Diazldo-2 .4 ,6-Tr  ini trazahoptane  < PATH ) 

OATH  is  an  azido  containing  nitramlne  and  it  was  investigated  to  detormine 
the  effect  of  the  ezldo  group  on  the  decomposition  of  the  nitramine  moiety. 
The  results  obtained  on  the  pyrolviis  of  neat  OATH,  summarized  in  Table  23, 
strongly  suggest  a  significant  influence  of  the  azide  group  on  the  nitramlne 
decomposition  mechanism  of  PATH . 

TABLE  23.  PRODUCT  DISTRIBUTION  FROM  DATH  PYROLYSIS 
< -800  C,  10  SECONDS,  2  ATM  HELIUM) 


15 

Isotopically  labeled  DATH.  with  the  center  nitrogen  of  the  azide  group  N 

15 

labeled,  was  prepared  from  NaMK  N  and  pyrolyzec  under  the  standard  condi¬ 
tions  to  gain  a  better  understanding  of  the  azi de-nitramine  interaction.  A 
comparison  of  the  results,  summarized  in  Tables  23  and  24,  shows  that  the 
product  distributions  are  near  identical  Mass  spectrometer  analyses  were 

performed  on  the  decomposition  gases  from  the  labeled  DATH  (Table  25),  which 

15  14  14  14 

indicated  that  the  consisted  cf  N  N  and  N  N  .  in  a  ratio  of 

1/3  to  2/3,  respectively  Tnis  indicates  that  both  azide  groups  cf  DATH 


TABLE  24.  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF  CENTER  N15  LABELED  DATH 


(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

Wl  K'.Hl  PERCENT 
y  1 1  i.o 

MOLE  PLRCf NT 
YIELD  E ROM  N 

MOL  1  PI  PCI  NT 

Y II  I  II  1  ROM  L 

M, 

n; 

HO 

NO 

) 

3 

N.,0 

3 

4 

NH-, 

n 

0 

HCN 

3 

3 

0 

CO 

n 

77 

C0? 

1 1 

20 

ChpO 
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0 

CH, 

.1 

■  5 

1 

H^O 

5 

100 

09 

106 

—  j 

TABLE  25.  LABELED  (N15)  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF  CENTER 

N15  LABELED  DATH 

( -800  C,  10  SECONDS,  2  ATM  HELIUM) 


15  14 

decompose  via  !V ,  evolution,  which  results  in  th*  observed  N  N  yield 
of  31  m/o.  The  N14N14  then  must  be  the  decomposition  product  of  the 

N-NO„  group.  The  oxygen  present  in  the  NO_  groups  result  in  high  yields 

2  ^ 

of  CO  and  CO^- 

The  pyrolysis  of  N15  labeled  DATH  also  was  investigated  at  a  temperature 
slightly  above  its  melting  point(~140  C) .  Based  on  the  results  obtained 
(Table  26),  the  C-N  bond  of  DATH  is  less  stable  than  the  azide  linkage.  This 
conclusion  is  reached  on  the  basis  that  was  the  major  decomposition 

gas,  rather  than  N2 ,  along  with  CH20.  This  observation  is  comparable  to 
that  previously  discussed  for  HMX  where  C-N  bond  cleavage  was  faster  than 
N-N(>2  bond  rupture  at  ~300  C. 

TABLE  26.  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF  CENTER  N15  LABELED 
DATH  AT  -140  C*  (10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

ri2 

13 

Z5 

NO 

0 

0 

N?0 

61 

74 
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0 

0 

HCN 

0 

0 

0 

CO 
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0 

CO  n 

C 

z 
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?0 

54 
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0 

G 

H2 

0 
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— 
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99 
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decompose  via  N  evolution,  which  results  in  the  observed  N  N  yield 
i  14  14 

of  31  m/o.  The  N  N  then  must  be  the  decomposition  product  of  the 
N-NO?  group.  The  oxygen  present  in  the  NO^  groups  result  in  high  yields 
of  CO  and  C02. 

The  pyrolysis  of  N15  laDeled  DATH  also  was  investigated  at  a  temperature 
slightly  above  its  melting  point(~140  C).  Based  on  the  results  obtained 
(Table  26),  the  C-N  bond  of  DATH  is  less  stable  than  the  azide  linkage.  This 
conclusion  is  reached  on  the  basis  that  N^O  was  the  major  decomposition 
gas,  rather  than  N^,  along  with  CH^O.  This  observation  Is  comparable  to 
that  previously  discussed  for  HMX  where  C-N  bond  cleavage  was  faster  than 
N-NO^  bond  rupture  at  ~300  C. 

TABLE  26.  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF  CENTER  N15  LABELED 
DATH  AT  ~140  C*  <10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

n2 

13 

35 

NO 

0 

0 
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61 

74 

nh3 

0 

0 

HCN 
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0 

0 
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CH?0 
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‘APPROXIMATELY  3C5S  OF  THE  SAMPLE  /.AS  PYrtO'  /ZED  UNOER 
THESE  CONDITIONS 


While  the  pyrolysis  of  DATH  was  only  -30%  at  140  C,  its  decomposition  at 
~160  C  was  quantitative.  The  product  distribution  at  this  temperature 
(Table  27)  was  quite  similar  to  that  observed  at  ~800  C  (Table  23). 

TABLE  27.  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF  CENTER  N15 
LABELED  DATH  AT  -160  C  (10  SECONDS,  2  ATM  HELIUM) 


Pyrolysis  of  HMX-DATH  Mixture 

Mixtures  of  HMX  and  unlabeled  DATH  (80  and  20  w/o,  respectively)  were  pyro 
lyzed  at  ~300  and  -800  C.  The  studies  conducted  at  the  lower  temperature 
gave  a  higher  NO  but  lower  N^O  yield  than  those  predicted  from  the  theoret¬ 
ical  yields  of  the  individual  reactants  (Table  28)  .  The  pyrolysis  results 
obtained  at  -800  C  (Table  29)  were  more  in  l:ne  with  those  expected  assum¬ 
ing  no  chemical  interaction  between  the  proauct  gases.  The  conclusion 
reached  from  these  studies  is  that,  u;;like  the  previously  discusseu  addi¬ 
tives,  which  can  generate  NH^  and  its  dissociation  species,  any  accelera¬ 
tion  in  the  decompos  i  iton  of  HMX  by  DATH  will  result  via  the  exothermic 
decomposition  of  the  azide  group  and  not  by  chemical  interactions  of  the 
product  gases. 

19 


TABLE  28.  PRODUCT  DISTRIBUTION  PROM  BO  KMX-20  W/O  DATH  PYROLYSIS* 
(—300  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

HEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

n2 

15 
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NO 

24 

28  (16) 

n2o 

20 

31  (43) 

nh3 

0 

0  (2) 

HCN 

8 

10  (1) 

22  (2) 

CO 

1 1 

29  (23) 
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12 

20  (18) 

CHjO 

0 

C  ,22) 

CH4 

1 

<5  (  4) 

H2 

H,0 

10 

100 
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TABLE  29.  PRODUCT  DISTRIBUTION  FRM  80  HMX-20  W/O  DATH  PYROLYSIS 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

n2 

13 

32  (38)* 

NO 

25 

29  (30) 

N?0 

13 

20  (15) 

NH-, 

0 

0  (0) 

HCN 

12 

15  (15) 

33  (31) 

CO 

12 

32  (40) 

co2 

14 

24  (18) 

r 

0  v0) 

:H4 

i 

■  5  ( •  5  1 

H2 

■  i 

H.?0 

10 

99 

96 

89 

*  THEORETICAL  VALUES  BASED  ON  WEIGHTED  AMOUNTS  DERIVED 
FROM  THE  INDIVIDUAL  COMPONENTS  AND  ASSUMING  NO  CHEhiCAL 
INTERACTIONS. 
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l-Azido-3,6-Dinitro-l .  3,6-Triazaeycloheptane  ( AHDTH ) 

The  second  azido-contairiing  nitramine  investigated  during  this  series  of 
studies  was  AMDTH.  The  products  (and  their  amounts)  from  the  pyrolysis  of 
AMDTH  are  summarized  in  Table  30. 

Pyrolysis  of  HMX/AMDTH  Mixture 

The  behavior  of  AMDTH  when  admixed  with  HMX,  80  HKX-20  w/o  AMDTH,  was  quite 
different  than  that  exhibited  by  DATH  in  similar  mixtures.  The  yield 
was  appreciably  greater  and  the  NO  yield  significantly  less  than  the  values 
calculated  on  the  basis  of  the  pyrolysis  product  yields  from  the  pure  com¬ 
pounds  (Table  31).  These  results  strongly  indicated  that  the  attempts  made 
to  incorporate  azide  groups  into  the  structure  of  HMX  (subsequently  dis¬ 
cussed)  might  lead  to  changes  in  its  combustion  characteristics. 

Azobisnitroformamidine  (ABNF) 

Neat  ABNF  burns  at  a  very  fast  rate  and,  therefore,  pyrolysis  studies  were 
conducted  on  it  and  a  mixture  with  HMX.  based  on  the  results  shown  in 
Table  32,  its  principal  product  gas  is  N?  and  the  majority  of  the  NO^ 
oxygen  is  recovered  as  CO  and  CO^. 

Pyrolysis  of  HMX-ABNF  Mixture 

No  apparent  significant  interactions  occurred  between  the  product  gases  from 
the  pyrolysis  of  a  80-20  w/o  HMX-ABNF  mixture  at  800  C  (Table  33).  Analyses 
of  the  gases  gave  a  product  distribution  quite  similar  to  that  predicted 
based  on  the  pure  compounds . 

Cyanoguanidine 

Cvanoguanidine  was  found  to  give  a  high  yield  ot  NH^  when  pyrolyzed  at 
~800  C  (Table  3u).  however,  the  extent  of  pyrolysis  was  quite  low  (~20\; 
under  these  conditions  which  indicates  its  high  thermal  stability  in  the 
absence  of  oxygen.  Since  the  thermal  decomposition  was  limited,  no  studies 
were  conducted  on  mixtures  of  HMX  witn  this  material 


TABLE  30 


PRODUCT  DISTRIBUTION  PROM  ANDTH  PYROLYSIS* 
(-800  C,  10  SECONDS ,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLL  PERCENT 
YIELD  EROM  N 

MOLE  PERCENT 
YIELD  EROM  C 

N2 

?R 

62 

NO 

10 

10 

N  ,0 

4 

f, 

NH3 

0 

■') 

HCN 

13 

15 

24 

CO 

IS 

26 

CO., 

i  9 

21 

CH.,0 

0 

0 

C"4 

? 

f) 

CH^- CH? 

1 

4 

H2 

1 

H.,0 

8 

1  Of) 

93 

b: 

1  ‘SAMPLE 

WAS  SO  PYROLYZED 

TABLE  31.  PRODUCT  DISTRIBUTION  FROM  80  HMX-20  W/O  AMDTH  PYROLYSIS 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  .'ROM  C 

N  , 

C  J 

63  (33)* 

NO 

10 

12  (22) 

N.,0 

I 1  (16) 

NH  j 

0 

0  (Cl) 

1 

HCN 

' 

9  (1?) 

18  (34) 

CO 

T' 

65  (31) 

cov 

iR 

29  (19) 

CH?C 

0 

0  (0) 

ch4 

■ 

4  (  6) 

CH  ‘A,  ft  ; 

1 

5  (  l! 

H.-» 

1 

HpO 

9 

1  DO 

9b 

10? 

•VALUES  IN  PARLN THESES  ARF  THEORETICAL  AND  WERl  I 

CALCULATED  ON  THE  BASIS  OE  THE  EXPECTED  PRCDJC7S  | 
EROM  THE  PJRf  COMPOUNDS.  i 


TABLE  32.  PRODUCT  DISTRIBUTION  FROM  ABNF  PYROLYSIS* 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

WEIGHT  PERCENT 
YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

N2 

45 

82 

NO 

3 

3 

n2o 

7 

8 

nh3 

0 

0 

HCN 

-1 

<1 

<3 

CO 

13 

47 

co2 

26 

60 

ch2o 

0 

0 

ch4 

0 

H2 

<1 

h2o 

6 

100 

94 

_ ]E _ 

*THE  SAMPLE  WAS  90%  PYROLYZED 

TABLE  33.  PRODUCT  DISTRIBUTION  FROM  80  HMX-20  W/O  ABNF  PYROLYSIS 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


PRODUCT 

Wl  ll.HI  t'LRUN! 
YIELD 

MULL  I’LUU.NI 
YIELD  FROM  N 

MULL  t’LRLLNI 
YIELD  FROM  C 

N2 

15 

36  (37)* 

NO 

23 

26  (30) 

N?° 

19 

29  (16) 

NH3 

0 

0  (0) 

HCN 

<1 

10  (14) 

23  (29) 

CO 

9 

25  (35) 

CO, 

17 

30  (26) 

CH20 

0 

G  (0) 

ch4 

i 

.5  ( <4 ) 

h2 

i 

R?0 

_ 8 

99 

101 

78 

‘VALUES 

IN  PARENTHESES  ARE  ADDITIVE  THEORETICAL  j 

TABLE  34.  PRODUCT  DISTRIBUTION  PROM  CYANOGUANIDINE  PYROLYSIS* 
(-800  C,  10  SECONDS,  2  ATM  HELIUM) 


L 


Cupric  Diammonium-Diazide  Complex  [CutNHj  );  (N.^  ] 

Table  3 5  summarizes  the  gas-phase  product  distribution  from  the  pyrolysis  of 
[Cu( NH^ ) ^ (N^ ) ^ ]  at  ~800  C  for  10  seconds  under  2  atmospheres  helium.  The  N^ 
and  NH^  yields  (43  and  18  weight  percent,  respectively),  were  close  to  that 
theoretically  expected,  Elemental  analysis  for  copper  (36  weight  oercent) 
was  also  close  to  theoretical.  The  compound  undergoes  a  violent  detonation 
at  ?10  C.  Thus,  the  highly  exothermic  generation  of  significant  NH^  yields 
without  the  presence  of  oxygen  (to  prevent  self-oxidation  of  Nf^)  made 
[Cu(NH^ )  (N^ )  ]  a  viable  candidate  as  an  additive  for  exothermic  gas-phase 
HMX-NO  reduction  to  N^ ■ 

TABLE  35.  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF 
(Cu(NH3 )  2(h’3  >  2  J  AT  ~800  C,  10  SECONDS,  2  ATM  HELIUM 


45 


Table  36  gives  the  gas-phase  product  distribution  from  pyrolysis  of  a  95 
HMX-  5  (Cu(  NH3 )  2<N,j)  2  1  weight  percent  mix  at  ~800  C  for  10  seconds 
under  2  atmospheres  helium.  A  comparison  of  mole  percent  yields  of  gaseous 
products  determined  experimentally  with  those  expected  theoretically  (values 
in  parentheses),  based  on  weighted  amounts  of  the  individual  components,  show 
an  increase  in  N^O  and  decrease  in  HCN.  Thus,  the  expected  HMX-NO  reduc¬ 
tion  to  via  N«2  intermediates  from  [Cu(NH^)2<N3)2)  did  '.at 

occur.  It  is  believed  that  the  significant  decomposition  temperature  differ¬ 
ence  between  HMX  (280  C)  and  (Cu(MH3>2(N3)2J  (210  C)  in  addition  to 

the  very  rapid  decomposition/deflagration  of  (CuOJH^)  (N^)^  prevents 

adequate  chemical  and/or  thermal  interaction.  To  test  this  hypothesis,  the 
gas-phase  product  distribution  from  the  pyrolysis  of  a  95RDX-5  w/o  [CuiMH^)^ 
( N3 >  2 )  mixture  was  determined  as  shown  in  Table  37.  RDX ,  which  undergoes 
thermal  decomposition  at  201  C,  would  bo  expected  to  undergo  a  greater  chem¬ 
ical  and/or  thermal  interaction  with  tCu(WH„ ) „(N„ )„ ]  than  that  found 

J  A  J  «d 

with  HMX  based  on  the  similarity  in  decomposition  temperatures.  As  the  data 
of  Table  37  illustrate,  this  was  indeed  the  case.  Three- fourths  (77  mole 
percent)  of  the  total  available  nitrogon  was  found  as  with  NO  and  N20 
yieids  decreased  significantly  <7  and  5  mole  percent,  respectively)  from  that 
expected.  In  addition,  it  can  be  seen  that  the  majority  of  oxygen  wa6  util¬ 
ized  to  produce  CO  and  CC„ ,  resulting  in  total  carbon  oxidation.  Thus,  a 
major  factor  was  identified  in  obtaining  a  significant  chemical  and/or 

thermal  interaction  with  HMX  or  RDX  with  additives,  that  cf  matching  the 

nitramine  and  additive  doccjspos i c Ion  temperatures,  particularly  when  the 
additive  undergoes  very  rapid  decomposition. 

Tri ami noguan id i uni urn- 5-Ami notetr azole  (TAC,5AT) 

Table  38  gives  the  gas  phase  product  distribution  from  the  pyrolysis  of 
TAG *5 AT  at  ~800  C  for  10  seconds  under  2  atmospheres  helium.  Of  particu 
lar  interest  is  the  high  NH^  yield  (38  weight  percent)  found  in  the  pyroly¬ 
sis  of  this  oxygen-free  energetic  compound.  This  is  considerably  .ivgner  than 
the  NH3  yield  from  the  previously  studied  TAGZT  (16  weight  percent).  How¬ 
ever.  the  relatively  low  42  mole  percent  total  carbon  yield  from  pyrolysis  of 
TAG *5 AT  suggests  a  relatively  high  residue  yield  after  pyrolysis  and  also 


K*ST7Ti1 


TABilK  38.  PRODUCT  DISTRIBUTION  FROM  MC*$AT  PYROLYSIS  AT 
•”800  C,  10  S ROUNDS ,  2  ATM  HELIUM 


indicates  an  overall  "coding"  effect  during  decomposition.  This  cooling 
effect  way  be  the  result  of  an  excess  of  NH^,  which  is  known  tc  behave  as  a 
flam  retardant  in  high  concentrations.  TAG* 5 AT  wa-  found  to  burn  in  ambi¬ 
ent  air  with  the  formation  of  a  liquid  pool  below  tho  florae  zone. 

Table  )9  gives  the  gao  phase  product  distribution  from  the  pyrolysis  of  a  80 
i.’MX-20TAC* 5AT  weight  percent  mix  at  ~300  C  for  10  seconds  under  2  atmos¬ 
pheres  helium.  The  data  show  a  decrease  in  MO  and  an  increase  in  the  N2 

yielu  from  that  theoretically  expected.  This  implies  KKX-NO  reduction  to 
occur  red  via  TAG* 5AT--NH^ ,  but  r.ot  to  the  extent  round  with  TAGZT . 
With  TAG *5 AT,  the  amount  of  carbon  oxidation  wap  as  predicted  (CO  and  CO^ 
yields)  with  HMX.  An  increase  in  the  amount  of  tho  theoretically  derived 
N^O  (indicating  the  less  exothermic  HMX  C-N  bond  scission  occurred  to  a 
greater  extent  than  the  more  exothermic  N  NO^  bond  scission)  also  was 
observed.  Finally,  the  slightly  reduced  total  carbon  yield  (76%)  from  pyrol¬ 
ysis  of  the  80  HMX- 20  w/o  TAG*5AT  mixture  versus  that  from  pure  HMX  (86%) 
also  indicates  a  slight  cooling  effect  caused  by  the  greater  amount  of  carbon 
residue  formed  during  the  pyrolysis.  Thus,  another  factor  influencing  HMX/ 
additive  irteroction  is  the  concentration  ratio  of  MH,  from  the  additive  to 
HO  from  HMX.  In  addition,  the  decomposition  temperature  of  120  C  for 

TAG *5 AT  is  significantly  lower  than  that  of  HMX  (280  C)  and  generation  of 
high  Nh  yields  might  b *  expected  to  have  a  flame-retarding  effect. 

Lithium  and  Sodium  Azide 

Recent  burn  rate  studies  at  Morton -Thioko l  have  shown  small  concentrations  of 
sodium  azide  have  an  effect  on  HMX  burn  rates.  Thus,  gas  phase  product  dis 
tribution  from  the  pyrolysis  of  98  HMX-2  LiN^  and  98  HMX-2  NaW^  weight 

percent  mixes  at  ~800  C  for  10  seconds  under  2  atmospheres  helium  were 

determined.  Table  40  gives  the  data  from  these  experiments.  It  can  be  seen 
that  dramatic  changes  from  the  theoretical  gas  phase  product  yields  are 
obtained  with  both  LiH  and  .  LiN^  is  reported  to  undergo  measur¬ 

able  decomposition  above  210  C  in  a  highly  irraproduci ble  manner  (Pef  12). 
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TABLE  39.  PRODUCT  DISTRIBUTION  FROM  80  HMX-20  TAG • 5AT  W/O 
PYROLYSIS  AT  -800  C,  10  SECONDS,  2  ATM  HELIUM 


PRODUCT 

WEIGHT 

PERCENT 

YIELD 

MOLE  PERCENT 
YIELD  FROM  N 

MOLE  PERCENT 
YIELD  FROM  C 

N2 

21 

45(31)* 

NO 

14 

14(30) 

n2° 

18 

25(14) 

nh3 

0 

0(8) 

HCN 

11 

12(16) 

32(37) 

CO 

10 

28(26) 

co2 

9 

16(14) 

ch2o 

0 

0(0) 

CH- 

4 

<1 

<5(<5) 

"2 

<1 

H20 

_ i 

15 

98 

96 

76 

- .. 

♦THE  VALUES  IN  PARENTHESES  ARE  THOSE  PRE¬ 
DICTED  BASED  ON  WEIGHTED  AMOUNTS  OF  INDI¬ 
VIDUAL  COMPONENTS 


NaN^  is  reported  to  undergo  rapid  decomposition  at  temperatures  above 
3/0  C,  with  decomposition  rates  dependent  on  the  specific  surface  area  of 
NaN,^  crystals  (Ref.  13).  Upon  decomposition,  LiN3  and  NaN3  evolve  N2 
with  the  coproduction  of  the  very  reactive  solid-state  LiN  and  NaN  radicals. 
These  could  be  expected  to  behave  as  very  active  proton  scavengers  abstract¬ 
ing  hydrogen  from  methylene  groups  (CH^)  about  the  HMX  ring.  This  mechan¬ 
ism  would  account  for  the  very  low  HCN  yields  found  (Table  40)  in  these 
experiments.  In  addition,  increased  yields  are  indicative  of  a  hydrogen 
abstraction  process.  Although  both  LiN  and  NaN_  appear  to  display  a 
"catalytic"  effect  in  altering  the  HMX  decomposition  mechanism,  significant 
changes  in  HMX  propellant  burn  rates  were  not  encountered.  It  may  be  that 
intimate  contact  is  lost  between  HMX  and  the  active  LiN  or  NaN  Intermediates 
in  propellant  mixes  or  that  the  overall  change  in  decomposition  mechanism  is 
not  improved  substantially  in  terms  of  heat  release  generated. 

RDX 

Table  41  gives  the  gas  phase  produet  distribution  from  pyrolysis  of  RDX  at 
~220  C  and  ~800  C  for  10  seconds  under  2  atmospheres  helium.  In  the  low- 
temperature  region  just  above  liquefaction  of  RDX  (201  C) ,  the  gas  phase  pro¬ 
duct  distribution  indicates  a  faster  rate  of  RDX  liquefaction  to  gasifica¬ 
tion.  RDX  undergoes  90%  pyrolysis  with  comparable  C-N  and  N-NO^  bond 
scission  occurring  as  given  by  the  almost  identical  N^O  and  NO  yields, 
respectively.  HMX  undergoes  only  70%  pyrolysis  just  above  the  liquefaction 
region,  giving  higher  N^0  than  NO  yields,  indicating  more  C-N  bond  scission 
than  N-N02  bond  scission.  This  complements  the  recent  work  of  Brill  who 
has  shown  that  crystal  lattice  interactions  are  greater  in  HMX  than  RDX, 
implying  a  faster  rate  of  RDX  gasification  (Ref.  14). 
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TABLE  40.  PRODUCT  DISTRIBUTION  FROM  HMX  ALKALI  AZIDE  PYROLYSIS 
AT  -800  C,  10  SECONDS,  2  ATM  HELIUM 
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TABLE  41.  GASEOUS  PRODUCT  DISTRIBUTION  FROM  PYROLYSIS  OF  RDX 
(10  SECONDS,  2  ATM  HELIUM) 
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SECTION  4 


HKX  STRUCTURAL  MODIFICATION  STUDIES 

SYNTHESIS  OF  HMX  DERIVATIVES 

1-Azi dome thy 1-3 . 5 . 7  -Trini  tro-1 .3 .  5  .  7-Tetrazacvclooctane  (AZMTTC )_ 

When  DPT,  a  compound  readily  prepared  by  nitrolysia  of  hexamethylenetetramine 
(Ref.  15),  is  treated  with  an  equivalent  of  98%  nitric  acid  in  excess  acetic 
anhydride ,  1-ace toxyme thy 1-3 , 5 , 7- trini tro-1 ,3 , 5 , 7-tetrazacyclooctane  (AMTTC) 
is  formed  (Ref.  16)  in  70  to  80%  yield  (Fig.  2). 

Bell  and  Dunstan  (Ref.  17)  have  investigated  reactions  of  the  six-,  seven-, 
and  eight-membered  ring  acetate  nltramines  with  various  nucleophiles,  such  as 
alcohols  and  inorganic  salts.  One  aspect  of  their  work:  was  reaction  of  these 
ring  acetates  with  sodium  azide  in  efforts  to  prepare  the  corresponding  ring 
azide.  The  reaction  of  AMTTC  and  the  six-membered  ring  acetate  with  sodium 
azide  in  dimethylformamide  gave  primarily  decomposition  products.  Only  in  the 
case  of  the  seven-membered  ring  acetate  was  it  possible  to  obtain  the  corre¬ 
sponding  azido  compound. 

Numerous  attempts  wete  made  in  this  program  at  nucleophilic  substitution  of 
the  acetate  group  by  inorganic  azide  salts  in  various  solvents  and  reaction 
conditions  which  showed  that  the  eight-membered  ring  decomposes  or  that  no 
substitution  occurs. 

Dunning  and  Dunning  (Ref.  18)  have  reported  that  treatment  of  1-methoxymethyl- 
3 , 5-dini tro-1 ,3 , 5-triazacyclohexane  with  acetyl  chloride  and  acetyl  bromide 
gave  the  corresponding  chloro  and  bromo  derivatives.  This  chemistry  was 
applied  to  the  eight-membered  ring  acetate,  AMTTC. 

Treatment  of  AMTTC  with  acetyl  bromide  gave  a  near  quantitative  yield  of 
1-bromomethyl -3 , 5 , 7-trinitro-l ,3 , 5 , 7-tetrazacylooctane ,  BrMTTC  (Fig.  2). 
Attempts  to  convert  the  bromo  derivative  to  the  corresponding  azide  with 
sodium  azide  in  various  solvents  ware  unsuccessful 
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Figure  2.  Synthesis  of  l-Azidomethyl-3 , 5 , /-Trinitro 
1,3,5, 7-Tetrazacyclooctane  ( AZMTTC) 


A  novel  method  then  was  developed  for  the  conversion  of  tho  eight-membered 
bromo  derivative  to  the  corresponding  azido  compound  using  acetyl  azide  as  the 
aziding  agent  in  methylene  chloride.  The  acetyl  azide  is  generated  In  situ 
in  methylene  chloride  solution  at  5  C  and  is  reacted  with  BrMTTC  in  a  hetero¬ 
geneous  reaction  at  10  to  15  C.  The  low  temperature  is  required  since  acetyl 
azide  starts  to  decompose  at  about  40  C  to  form  methyl  isocyanate  via  the  Cur- 
tius  reaction.  The  conversion  of  the  bromo  derivative  to  l-azldomethyl-3,5,7- 
trlnltro-1 ,3 , 5 , 7-tetrazacyclooctane  was  achieved  in  80%  yield  (Fig.  2). 

HPLC  analysis  gave  a  single  peak  and  elemental  analyses  calculated  for 
C5ni0N10°6  are:  C*  19  • 61 5  H*  3-27;  N*  45.75;  Found:  C,  19.99;  H,  3.28; 
N,  44.99.  The  compound  melts  at  130  to  131  C  (Ref.  19). 

ii  Trinit  roe thy 1-3 . 5 . 7-Trini tro-1 ,3,5, 7-Tetrazacvlooctane  (TEITTC) 

Nitroform  alkylations  of  aliphatic  primary  bromo  derivatives  with  silver 
nitroform  have  been  studied  by  numerous  investigators  (Ref.  20).  Acetonitrile 
is  a  typical  solvent  used  in  these  studies.  Attempts  to  convert  BrMTTC  to 
TNTTC  via  AgC(NO^)^  in  acetonitrile  at  ambient  temperature  were  unsuccess¬ 
ful  (Fig.  3). 

l-(AzidoethoxY)  Methvl-3 . 5 . 7-Trini tro-1 . 3 . 5 . 7-Tetrazacvclooctane  (AEMTTC) 

Attempts  to  convert  BrMTTC  to  AEMTTC  via  the  Williamson  synthesis  with  azido- 
ethanol  were  unsuccessful  (Fig.  3).  BrMTTC  underwent  decomposition  under  var¬ 
ious  conditions  when  azidoethanol  was  used  as  the  reaction  solvent. 

1 . 5- Din it.ro-3 . 7-Dibromoacetyl-l ,  3 . 5  ■  7-Tetrazacyclooctane  (DNBTTC) 

1 . 5- din i tro-3 , 7-diacetyl-l ,3 , 5 , 7-tetrazacylooctane  (DADN)  was  believed  to  be 
an  attractive  structurally  symmetrical  precursor  for  attempts  to  monobrominate 
botn  methyl  (~CH^)  groups  to  arrive  at  the  precursor  DNBTTC  (Fig  4),  which 
then  could  undergo  azide  substitution  via  the  novel  process  developed  under 
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Figure  4.  Attempts  to  Monobrominate  Methyl  Groups  of  DADN 


5e 


this  program  using  acetyl  az.ide  in  the  synthesis  of  AZMTTC  (Fig.  2).  However, 
all  attempts  made  to  monobrominate  the  methyl  groups  of  DADN  (Fig.  4)  were 
unsuccessful.  The  initial  attempts  utilized  a  brominating  medium  consisting 
of  sodium  bromate  (NaBr03>,  aqueous  hydrobromic  acid  (471  HBr),  and  acetic 
acid  as  the  reaction  solvent  (Ref.  21).  The  reaction  parameters  investigated 
were  reaction  temperature,  time,  and  reactant  molar  ratios.  The  only  results 
obtained  were  recovery  of  starting  material  or  decomposition-type  reactions. 

Another  approach  investigated,  based  on  the  literature,  involved  the  use  of 
phenyltr imethylammon ium  perbromide  (PTAB)  in  tetrahydrof uran  (THF)  solvent. 
This  reaction  system  had  been  successfully  used  previously  for  monobrominating 
a  methyl  group  next  to  a  naphthalene  carbonyl  (-C-0)  group  (Ref.  22).  The 
reaction  parameters  investigated  in  the  attempted  monobromination  of  DADN  with 
PTAB  were  reaction  temperature,  time,  and  reactant  molar  ratios  (Fig.  4).  In 
all  cases,  no  reaction  occurred. 

A  final  attempt  at  monobrominating  the  methyl  groups  of  DADN  involved  the  use 
of  pyrolidone  hydrotribromide  (PHTB),  which  was  based  or.  a  literature  prepara 
tive  method  involving  a  selective  brominating  agent  for  ketones  (Ref.  23).  No 
reaction  between  DADN  and  PHTB  occurred  under  any  of  the  reaction  conditions 
investigated. 

1-Ami noe thy 1-3 , 5 , 7-Trini tro-1 ,3,5, 7-Tecrazacyclooctane  ( AMMTTC ) 

The  successful  synthesis  of  AMMTTC  would  give  an  attractive  precursor  for  a 
number  of  condensation  reactions  with  activated  alcohols  followed  by  nitration 
to  give  symmetrical  and  unsymmetr ical  HMX  derivatives.  The  initial  attempts 
made  to  synthesize  AMMTTC  from  the  novel  precursor  l-bromomethyl-3,5,7- 
trinitro-1 , 3 , 5 , 7- tetrazacyclooctane  (BrMTTC)  resulted  in  the  isolation  of  a 
compound  with  elemental  analyses  far  from  that  theoretically  expected 
(Fig.  5).  The  reaction  of  BrMTTC  in  ammonia-ethanol  solutions  was  further 
investigated  with  emphasis  on  varying  reaction  temperature  and  time.  In  all 
cases,  the  eight-membered  BrMTTC  ring  underwent  cleavage  giving  a  solid 
unwanted  side  product. 
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A  second  approach  investigated  the  reaction  of  BrMTTC  in  lie;  aid  ammonia  at  30 
and  -40  C  at  various  reaction  times  (Fig.  5).  In  ell  cases,  decomposition 
products  were  obtained. 

A  final  approach  investigated  the  reduction  of  the  azido  group  to  amine  via 
sodium  borohydride  (NaBH^,)  in  the  presence  of  a  phase  transfer  catalyst, 
hexydecyllributyiphosphonium  bromide  (HTBPij),  and  toluene  solvent  (Ref.  24). 
The  reaction  at  ambient  temperature  resulted  in  recovery  of  the  starting  mate¬ 
rial  without  any  indication  of  azide  reduction  to  amine  (Fig.  5). 

1- Iodomethyl-3 , 5 . 7-Tr ini tro-1 ,3,5, 7-Tetrazacyclooccc.ne  ( IMMTC) 

Synthesis  of  the  novel  precursor  IMTTC  was  attempted  via  the  approach  used  in 
the  synthesis  of  BrMTTC  by  reacting  1  -acetoxymethyl-3 , 5 , 7-t.r  ini  tro-1 , 3 , 5  , 7- 
tetrazacyclooctane  (AMTTC)  with  an  excess  of  acetyl  iodide  (Fig.  6).  It  was 
believed  that  the  iodo  group  would  undergo  a  nucleophilli c  substitution  reac¬ 
tion  more  readily  than  BrMTTC  under  the  mild  conditions  needed  to  maintain 
ring  integrity  (Fig.  3).  The  reaction  of  AMTTC  with  an  excess  of  acetyl  iodide 
for  1  hour  at  0  to  5  C  gave  a  light  yellow  solid  with  the  elemental  analyses 
shown  in  Fig.  6.  These  analyses  implied  approximately  90%  iodo  substitution, 
thus  indicating  a  longer  reaction  time  was  needed  to  obtain  a  quantitative 
convers ion . 

PYROLYSIS  OF  HMX-RELATED  COMPOUNDS 

Pyrolysis  decomposition  studies  of  AZMTTC ,  as  described  below,  indicated  that 
structural  symmetry  of  HWX  derivatives  must  be  maintained  to  achieve  hign 
melting  or  liquefaction  temperatures  and  a  mode  of  decomposition  that  would 
result  in  comparable  rates  of  C-N  and  N-NO^  bond  cleavage  giving  increased 
energy  release  and  generation  of  reactive  gas-phase  species.  Thus,  the  studies 
described  above  were  conducted  to  provide  compounds  for  further  proof  of  this 
hypothesis.  However,  because  of  the  difficulties  encountered  during  the 
attempted  preparations  of  these  candidate  compounds,  DADN  was  the  only  com¬ 
pound  investigated  other  than  AZMTTC. 
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Attempted  Synthesis  of  1 -Iodomethyl-3 , 5 , 7-Trinitro- 
I ,3 , 5 , 7-Tetrazacyclooctane  (IMTTC/ 


Pyrolysis  of  DADN 

DADN  has  a  melting  point  of  263  C  and  is  synthesized  in  a  one  pot  operation 
(Ref.  25).  The  high  melting  point  is  one  example  of  the  effect  o'  structural 
symmetry  upon  HMX  derivatives.  In  addition,  high  heating  rate  decomposition 
studies  of  DADN  demonstrated  that  tho  compound  deeotaposed  similarly  to  HMX 
with  respect  to  covalent  C-N  and  N-fcO  Bond  cleavage.  Table  42  pananiarizeet 
the  gas-phase  product  distributions  of  HMX,  AZMTTC ,  and  DADN  after  pyrolysis 
at  800  C  under  experimental  conditions  given  in  the  Experimental  Details 
section . 

The  gas  phase  product  distribution  of  DADN  (Table  42)  implies  both  C-N  (No0 

a. 

yield)  and  N-NO^  (NO  yield)  bond  cleavage  are  occurring,  although  a  measur 
able  cooling  effect  is  present  (higner  N^O  yield)  probably  due  to  the  non- 

energetic  acetyl  groups  in  place  of  nitro  groups.  In  addition,  the  cooling 

effect  was  indicated  from  DADN  undergoing  only  70%  pyrolysis. 

Pyro lys i s  of  AZMTTC 

Pyrolysis  decomposition  data  for  AZMTTC  showed  that  covalent  C-N  bond  cleavage 
was  the  predominant  bond- breaking  process  occurring  during  AZMTTC  decompose 

tion  with  very  little  N-  N0„  cleavage  occurring.  This  resulted  in  high  NO 

L  7. 

and  CH^O  yields  and  was  found  not  to  be  conducive  to  increased  burn  rates. 

During  the  decomposition  of  HMX  at  800  C  it  was  shown  that  both  N-N02  (high 

NO  yields)  and  C-N  (N^O  yields)  bond  cleavage  occurred  in  a  competitive  man 
ner,  which  resulted  in  the  product  distribution  shown  in  Table  42.  In  the 
low  temperature  (~300  C)  decomposition  of  HMX  (Table  3),  C-N  bond  cleavage 
was  the  predominant  process  resulting  in  high  N?0  and  CH?0  yields.  It. 
could  be  concluded  then  t.hat  eight -membered  ring  tetranltramine  compounds  that 
gave  high  N^O  and/or  CH^O  yields  after  pyrolysis  at  800  C  would  be  under¬ 
going  predominant  C-N  bond  cleavage  with  little  competing  N-N02  cleavage  as 
found  with  AZMTTC  It  is  believed  that  the  lack  of  structural  symmetry  is  the 
source  of  this  decomposition  mechanism. 
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SECTION  5 


COMBUSTION  RATE  STUDIES 


HMX-BASED  SYSTEMS 


The  effects  of  selected  combustion  modifiers  were  studied  in  two  types  of 
polymer  systems:  (1)  hydroxy -terminated  polyester  (R-18)  plasticized  with 

TMETN,  NG,  TA,  and  TVOPA,  and  (2)  hydroxy-terminated  glycidyl  azide  polymer 
(GAP)  containing  no  plasticizer.  The  burning  rate  data  are  summarized  in 
Table  43  and  the  symbol  (6)  will  be  used  to  denote  the  burning  rate  at  any 
pressure  with  the  modifiers  present  to  the  baseline  burning  rate. 

TriaminoRuanidine  (TAG)  Modifiers 

Pour  compounds  containing  TAG  were  examined  for  burning  rate  modification: 
TAGZT ,  TAGN ,  TAG*5AT,  and  TAG NAT .  The  most  extensive  series  of  experiments 
were  carried  out  with  the  TAGZT  and  the  following  matrix  of  ingredient  combin¬ 
ations  were  studied: 


Oxidizer  blends 


j  •  50/50:  Class  A/Class  E 

I  •  All  Class  A 


Plasticizer/Polymer  =  2:1  and  1:1 
Modifier  Particle  Sizes:  7y  and  50p 
Modifier  Levels:  15  to  52.5  weight  percent 


The  utilization  of  the  50/50  oxidizer  blend  was  maintained  as  the  initial 
baseline.  The  augmentation  levels  for  the  30%  TAGZT  (7p)  system  is  given  in 
Fig.  7  and  the  effect  of  both  TAGZT  level  and  particle  size  in  a  R-18/TMETN 
(1:1)  system  is  illustrated  in  Fig.  8.  The  relative  augmentation  factors  at 
constant  TAGZT  level  are  similar  for  TA  (1:1),  TMETN  (1:1),  and  NG  (2:1). 
However,  the  TMETN  (2:1)  system  gave  a  slightly  reduced  augmentation  level. 
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TABLE  43.  BURN  RATE  DATA  SUMMARY 


POLYESTER 

•  TA  (1:1);  TAGZT  (7m) 

II  TMETN  (1:1);  TAGZT  (7m) 

A  NG  (2:1);  TAGZT  (7m) 

V  TMETN  (2:1);  TAGZT  (7m) 

O  TMETN  (1:1);  TAG*5AT  (7m) 

GAP 

□  NO  PLASTICIZER;  TAGZT  (7m) 


Fine  TAGZT  (>m)  is  more  effective  than  coarse  TAGZT  (50yi),  which  suggests 
that  diffusional  effects  and  the  rate  of  NH^  production  are  of  primary 
importance.  Increasing  the  concentration  of  TAGZT  increased  the  augmentation 
level,  which  is  in  accordance  with  the  concept  of  accelerated  rate  via  tho 
resction  of  amidogen  (NH^)  radicals  reacting  with  the  NO  produced  from  the 
HMX  decomposition. 

The  correlation  of  burning  rate  at  6.89  MPa  for  the  pure  HMX  and  30%  TAGZT 
systems  is  shown  in  Fig.  9.  The  burning  rate  can  be  expressed  in  the  form! 

r  =  Aexp  (~E/3Tf) 


Figure  9.  Burr.  Rate  Correlation  for  Pure  HMX 
and  TAGZT  Substituted  Systems 


The  two  curves  in  Fig.  9  have  very  similar  slopes  and  all  the  plasticizer  in 
the  inert  R-18  binder  fall  on  the  curves  with  the  exception  of  the  difluoroa- 
mino  ( -NF^ )  plasticizer  TVOPA.  Propellants  containing  TVOPA  were  prepared 
to  "check"  the  postulated  augmentation  mechanism: 

NO  +  NH2*  -»  N?  +  H?0  +  Qx 

This  equation  is  a  global  summary  of  the  key  seeps  in  a  very  complex  reaction. 
The  incorporation  of  TVOPA  will  result  in  the  formation  of  NF^*  radicals, 
which  then  can  interact  with  the  amidogen  radical  via  the  equation: 

NF  •  +  NH  •  ->  N„  +  2HF  + 

2  2  2  i 

Again,  this  is  a  global  summary  of  several  reactions.  However,  it  is  expected 
that  the  NF^- radical  will  react  more  rapidly  with  NO  than  the  NH^-radical. 
No  data  could  be  found  on  this  reaction,  but  the  kinetics  of  NF^*  reac¬ 
tions  with  other  materials,  such  as  H  and  C  H  compounds,  is  known  to 

2  Ay 

be  considerably  faster  than  the  comparable  NO  reaction. 

The  NG-  and  TVOPA-based  propellants  With  no  TAGZ7  present  have  virtually  the 
same  burning  rate.  However,  the  30%  TAGZT  system  containing  TVOPA  burns  con¬ 
siderably  faster  than  the  NG  analog. 

Although  the  heat  release  from  the  NO  system  (Q^)  is  60  keel  lower  than  the 
heat  release  (Q?)  from  the  NF?  system,  the  actual  concentrations  of  reac¬ 
tive  species  is  virtually  the  same.  Only  1.2%  additional  heat  can  be  generated 
based  upon  the  stoichiometric  equations.  In  fact,  the  overall  theoretical 
flame  temperature  of  the  TVOPA  system  is  91%  of  the  NG  system  (due  to  other 
overall  product  distributions) . 

The  stoichiometry  is  based  upon  the  percent  of  NO  generated  from  the  HMX 
decomposition  experiments  and  the  percent  of  NH^  generated  from  the  TAGZT 
decomposition  experiments.  This  is  coupled  to  an  assumed  NO  production  level 
from  NG  decomposition  and  NF^  production  level  from  TVOPA  decomposition. 
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Both  plasticizers  contribute  very  little  in  terms  of  reactive  species  (concen¬ 
tration  wise).  The  main  point  to  be  made  is  that  the  (NK^*  +  NH^*) 

reaction  is  kinetically  faster  and  initiates  a  further  series  of  reactions 
which  lead  to  the  higher  burning  rates.  In  effect,  TVOPA  could  be  considered 
as  a  "pseudocatalyst." 

Utilization  of  TAG*  5AT  resulted  in  considerably  lower  augmentation  ratios 
than  the  TAGZT  systems.  This  phenomena  is  believed  to  be  related  to  the  decom¬ 
position  mode  previously  discussed  in  the  Decomposition  Experiments  bection. 

Both  TAGN  and  TAGNAT  yielded  augmentation  rates  lower  than  TAGZT  and  both 
materials  contain  oxygen.  The  presence  of  oxygen  reduces  the  amount  of  NH^ 

formed  for  diffusional  interaction.  However,  other  investigations  and  past 
experience  with  TAGN  suggest  that  a  "mismatching"  of  TAGN  and  HMX  particle 

sizes  may  be  a  very  critical  factor.  A  70%  augmentation  was  obtained  at  the 
15%  TAGN  (4y)  level  when  only  Class  A-HMX  was  employed.  Additional  experi¬ 
ments  would  be  required  to  explain  this  apparently  very  complex  mechanism. 

Ammonium  and  Hydrazine  Modifiers 

The  ammonium  salt  analogs  of  TAGZT (DAZT)  and  TAGNAT ( ANAT )  were  investigated  at 
the  3C%  addition  level.  The  DAZT  system  yielded  a  26%  increase  in  the  burning 
rate,  while  the  ANAT  exhibited  a  48%  improvement. 

The  DAZT  system  is  very  puzzling  in  its  behavior.  Combustion  could  not  be 

sustained  below  5.2  MPa  and  an  exponent  greater  than  2  was  observed  above  this 

pressure.  Reasonable  levels  of  NH^  were  observed  in  the  decomposition  exper 

iments ,  but  c.  Large  quantity  of  N  H .  (26%)  also  was  observed.  The  N„H , 

£  4  2  4 

persisted  in  the  decomposition  experiments  when  the  mixed  HMX-DAZT  system  was 
studied.  This  suggests  that  N^H^  is  not  as  desirable  as  NH^  for  rate 

acceleration.  One  propellant  containing  30%  hydrazine  nitrate  (HN)  showed  a 
52%  increase  in  rate,  which  slightly  confuses  the  issue.  However,  the  HN  was 
not  nearly  as  effective  as  TAGZT. 
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The  increase  in  burning  rate  observed  for  the  ANAT  system  may  be  more  a  result 
of  the  fast  burning  rate  of  pure  ANAT  (Kef.  26),  The  decomposition  experi¬ 
ments  indicated  that  no  NH^  was  produced  and  a  trace  amount  of  was 

formed . 

Finally,  two  propellants  containing  AP  were  examined.  Substitution  of  30%  AP 

(30p)  augmented  the  rate  by  71%  at  6.89  MPa,  and  substitution  of  5%  AP 

(lp)  augmented  the  rate  by  63%  at  6.89  MPa.  AP  produced  both  NH„  and 

3 

HClO^  upon  decomposition  and  the  high  level  of  augmentation  for  such  a  small 
quantity  of  material  again  suggests  an  extremely  complex  mechanism. 

Azido  Modifiers 

Five  compounds  containing  azido  groups  were  investigated  as  potential  modi¬ 
fiers:  (1)  AMDTH ,  a  cyclic  azido  nitramine  with  adjacent  methyl  groups  in  the 

ring,  (2)  AZMTTC ,  the  azido-substituted  HMX,  (3)  DATH,  a  linear  diazido  nitra- 
mine,  (A)  TMAAZ ,  a  azido  tetramethyl  ammonium  salt,  and  (5)  lithium  azide. 

In  general,  the  azido  compounds  were  not  effective  in  augmenting  the  burn 
rate.  However,  the  linear  azido  nitramine  DATH  is  known  to  be  a  fast-burning 
ingredient  by  itself.  The  previous  discussion  has  indicated  some  insight  into 
the  reasons  for  this  behavior.  The  propellant  in  which  DATH  completely 
replaced  HMX  exhibited  a  214%  increase  in  rate.  However,  substitution  of  only 
30%  DATH  resulted  in  only  a  56%  improvement  in  rate,  which  indicates  little, 
if  any,  decomposition  product  interaction.  This  correlates  with  the  decomposi¬ 
tion  studies  discussed  in  the  Pyrolysis  of  HMX-DATH  Mixture  section. 

The  propellant  containing  18.8%  "coprecipitated"  DATH  yielded  a  13%  increase 
in  ourn  rate.  The  DATH  and  HMX  were  in  more  intimate  contact  in  this  experi¬ 
ment  but  this  appears  to  have  had  little  effect  on  the  rate.  Therefore,  it  is 
concluded  that  the  DATH  increases  the  rate  primarily  by  an  "additive"  method 
rather  than  an  interaction  mechanism. 
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Azi do  (GAP)  System 


Pure  glycidyl  azide  polymer  (GAP)  has  a  unique  high-burning  -ate.  Therefore,  a 
series  of  experiments  were  carried  out  to  compare  the  effects  of  TAG2T  on  HHX 
in  GAP  systems.  The  data  are  summarized  in  Table  44  and  illustrated  in  Fig.  10. 

On  Contract  F04611- 82  -C -0043  with  AFRPL,  the  type  of  isocyanate  has  been  found 
to  profoundly  change  the  burning  rate  cf  GAP  gumstocks,  which  lead  to  carrying 
out  each  experiment  with  both  HMD  I  and  N- 100  curing  agents.  Incorporation  of 
35  and  75%  (50:50  Class  A/E-HMX)  reduced  the  burning  rate  of  the  GAP  systems. 
Figure  10  illustrates  the  data  only  for  the  HMDI  system  but,  suprisingly,  vir 
tually  no  difference  in  burning  rate  is  observed  with  HMX  content.  The  incor 
poration  of  30%  TAGZT  (7p)  augmented  the  rate  at  6.89  MPa  by  50%,  which  is 
considerably  lower  than  any  of  the  R  18- based  system.  The  absolute  burning 
rate  is  comparable  to  the  R-18  systems  despite  the  implicit  higher  rate  of  GAP 
itself.  Figures  9  and  10  show  the  comparative  effects  of  R  18  anrf  GAP  type 
systems,  respectively. 

TABLE  44.  BURNING  RATE  OF  GAP  BASED  SYSTEMS 
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Figure  10.  Burning  Rate  of  GAP  Systems  (HMD I  Curative) 

Other  Modifiera 


Incorporation  of  3%  LiN^  increased  the  burning  rate  at  6.89  MPa  by  22%. 
larger  increase  might  have  been  predicted  based  on  the  decoaiposition  experi 
ments,  but  flame-zone  interactions  may  physically  separate  the  reactive  inter 
mediates  and  larger  quantities  of  would  result  in  several  other  prob 

lems  in  terms  of  a  practical  propellent. 


The  utilization  of  CMP  at  the  4%  level  yielded  a  small  increase  in  burning 
rate  but  nothing  comparable  to  the  results  obtained  in  AP  basod  systems.  Filer 
and  Cole  (Ref.  21)  found  that  B  H  compounds  appear  to  be  effective  In  acceler¬ 
ating  nitramine  burning  rates,  but  the  current  rerult3  are  not  as  encouraging. 

Reports  in  Soviet  literature  (Ref.  28)  indicate  that  the  azo  (  W=N  )-typo 
nitramines  are  extremely  rapid  burning  compounds.  One  propellant  containing 
15%  ABNF  yielded  an  increase  of  24%  in  the  rate  that  was  equivalent  to  the  30% 
TAGN  substituted  system. 

RDX  BASED  SYSTEMS 

A  selected  number  of  propellants  containing  RDX  were  investigated  to  obtain 
comparative  data,  which  is  summarized  in  Table  43. 

Tri aminoguan idine  (TAG)  Modifiers 

Comparative  data  was  obtained  for  the  three  salts  TAGZT,  TAG • 5AT ,  and  TAGN. 
Figure  11  illustrates  that  TAGZT  is  more  effective  with  RDX  at.  low  pressure, 
but  similar  augmentation  rates  are  obtained  with  HMX  at  high  pressure  06  89 
MPa).  Figure  12  is  a  comparison  of  the  ratios  (^)  of  the  augmentation  rates 
of  RDX  and  HMX.  In  general,  most  modifiers  are  more  effective  with  RDX  at  low 
pressures.  Both  TAGZT  and  TAG*5AT  decompose  at  a  temperature  more  closely 
matched  to  RDX  than  HMX  (Structural  Modification  section),  which  suggests  a 
closer  matching  of  chemical  reaction  induction  times.  Additionally,  TAGN 
should  interact  more  effectively  with  RDX  than  HMX  for  the  same  reason  even 
though  no  experimental  data  were  obtained  during  the  current  work 

Other  Modifiers 

The  ezido-Werner  complex  lCu(  NH^ )  ( N3 )  )  was  investigated  at  the  5% 
level  and  a  29%  augmentation  was  obtained  The  compound  is  extremely  diffi 
cult  to  handle  (Decomposition  Experiments  section)  and  only  the  one  experiment 
was  carried  out  due  to  its  sensitivity. 
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AUGMENTATION  RATIO 
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Figure  11.  Comparison  of  RDX  and  KMX  with  301 
TAG- Type  Additives  ( 7|« > 


One  experiment  was  carried  out  with  the  diuzido  linear  nitramine  (DATH)  and 
augmentation  atos  similar  to  HMX  were  observed. 

FLAME  ZONE  PHENOMENA 

the  experimental  evidence  indicates  that  the  incorporation  of  ammonium  genera¬ 
tors  (especially  TAGZT >  is  the  primary  factor  in  achieving  good  augmentation 
rates.  A  physical  interpretation  of  thia  phenomenon  is  based  on  the  Irey  reac¬ 
tion  (NH?  +  NO  •+  N^  +  H^O) ,  although  the  actual  process  is  extremely 
more  complicated. 

The  recent  worlr.  of  Kubota  (Ref.  29)  has  shown  that  the  combustion  of  HMX-based 
propellants  yields  three  gas-phase  zones  and  that  the  reaction  of  NO  may  be 
the  limiting  step.  This  experimental  evidence  lends  credence  to  the  concept 
of  accelerated  rates  via  the  interaction  of  amidogen  (NH^)  radials  with  NO. 

The  generation  of  NH?  from  NH^  is  an  extremely  complex  process  that  is 
highly  dependent  on  the  concentration  of  several  other  species  (Ref.  8,  11, 
and  29  through  32).  It  is  apparent  that  the  NH^  +  NO  reaction  is  favored  in 
a  specific  temperature  region  and  is  highly  concentration  dependent.  Figure  13 
is  a  schematic  representation  of  the  "favored"  temperature  region. 


Figure  13.  NO  Reaction  Parameters 


The  "mismatching"  of  HMX/RDX  and  NH3-generator  particle  sizes  appears  to  be 
the  most  important  factor  in  accelerating  the  rate.  However,  the  generation 
of  the  proper  concentration  of  NH^  at  the  proper  temperature  might  be  almost 
as  important.  Each  NH^-generating  ingredient  will  yield  a  different  amount 
of  liberated  heat  and  materials  such  as  TAGN  are  capable  of  "self -consumption" 
since  they  are  oxygen-containing  materials  versus  TAGZT  and  TAG»5AT. 

Utilization  of  very  small  particles  of  the  TAG  salts  results  in  a  more  com¬ 
plete  "encircling"  of  the  nitramine  particle,  which  will  result  in  better  dif- 
fusional  mixing  of  the  reactive  gases. 

The  experiments  described  in  the  triaminoguanidine  (TAG)  modifiers  section, 
which  utilized  TVOPA  (NF2*  generator),  play  an  influential  role  in  "vali¬ 
dating"  the  flame  zone  concepts  with  regard  to  the  catalysis  via  amidogen 
radicals . 
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SECTION  6 


PRESENTATIONS  AND  PUBLICATIONS 

1.  Summaries  of  the  program  were  presented  at  the  Annual  AFOSR  Contractors 
Meetings,  March  1982,  1983,  and  1984,  Lancaster,  CA 

2.  Presentations  were  given  at  the  19th  and  20th  JANNAF  Combustion  Meetings 
(Creenbelt,  MD,  October  1982  and  Monterey,  CA,  October  1983) 

3.  A  presentation  was  given  at  the  AFRPL  Nitramine  Workshop,  August  1982, 
Lancaster,  CA 

4.  Frenkel ,  M.B.  and  D.O.  Woolery,  J.  of  Ora.  Cham. .  Vol.  48,  Pg.  611  (1983) 
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GLOSSARY 


ABNF 

AFRPI. 

AEMTTC 

AMDTH 

AMMTTC 

AMTTC 

ANAT 

AZMTTC 

BRMTTC 

CMP 

CUWS 

DADN 

DATH 

DAZT 

DMF 

DMSO 

DNATTC 

DNBTTC 

DPT 

DSC 

GAP 

HMX 

HMDI 

HN 

IMTTC 

N-100 

NG 

RDX 

R-18 

TA 

TAG 


azobi sni troformamidine 

Air  Force  Rocket  Propulsion  Laboratory 

l-( azidoethoxy ) me  thy 1-3 , 5 , 7-trini tro-1 ,3,3 , 7-tetrazacyclooctane 
1-azi dome thy 1-3 ,6-d ini tro-1, 2 ,6-triazacycloheptane 
1-ami  nomethyl-3 , 5 , 7-trini trc-1 ,3 , 5 , 7-tetrazacyclooctane 
l-acetoxymethyl-3 , 5 , 7-trini tro-1 ,3,5 , 7-tetrazacyclooctane 
ammonium  5-nitraminotetrazole 

l-azidomethyl-3 , 5 , 7-trinitro-l ,3 , 5 , 7-tetrazacyclooctane 
l-bromomethyl-3 , 5 , 7-trinitro-l , 3 ,5 , 7-tetrazacyclooctane 
carboranyl-methyl  propionate 
copper  ammonium  azide  Werner  complex 

1 . 5- dini tro-3 , 7-di acetyl-1 ,3,5 , 7-tetrazacyclooctane 

1 . 7- diazido-2 ,4 , 6-trini trazaheptane 
diammonium  azobitetrazole 
dimethylformamide 

dimethyl sulfoxide 

1 . 5- dini tro-3 , 7-azidoacetyl-l ,3 , 5 , 7-tetrazacyclooctane 

1 . 5- dini tro-3 , 7-di bromoacety 1-1 ,3,5 , 7-tetrazacyclooctane 

1 . 5 - methylene- 3 , 7 -din i tro-1 ,3 , 5 , 7-tetrazacyclooctane 
differential  scanning  calorimetry 

glycidyl  azide  polymer 

1.3.5. 7- tetrani tro-1 ,3 ,5 , 7-tetrazacyclooctane 
hexamethylencdi isocyanate 

Hydrazine  Nitrate 

1- iodomethyl-3 , 5 , 7-trinitro-l ,3 , 5 , 7-tetrazacyclooctane 

polyfunctional  isocyanate 

nitroglycerin 

1 .3 .5- tr ini tro-1 ,3 , 5-triazacyclohexane 
hydroxy-terminated  polyester 
triacetin 

tri ami  noguanidine 


83 


TAGN 

TAG*5AT 

TAGNAT 

TAGZT 

TMAAZ 

TMETN 

TNTTC 

TVOPA 

w/o 


tricminoguanidinliua  nitrate 
triajninoguanidiniuin-5-aininotetrazole 
bis-triamlnoguanidiniua  5- nitraminotetrazole 
bi s-tr iaminoguanidium  azobitetrazole 
tetramethylammoniua  azide 
triraethylolethyle thane  trinitrate 

l-trinltroethyl-3 , 5 , 7-trinitro-l ,3 , 5 , 7-tetrazacyclooctane 
1,2,3-tris  [a,p-biu(difluoramino)9thoxy !  propane 
weight  percent 
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